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T?i:in  project  vas  cponsored  by  the  Defense  Nuclear  Agency  (DNA) 
under  oubtask  JP)iCAXYX98!| , "Stemming  and  Containment  Diagnostics,"  Work 
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LllCAXSXBtP,  "Development  of  Field  Instrumentation,"  Work  Unit  H8, 
"Develoxjment  of  Passive  Gage."  The  vork  vas  accomplished  by  the  U.  S. 
Army  Kn/rLnoer  Waterways  Experiment  Station  (WES7~during  the  periods 
i’ebruary  1973  through  September  1973,  and  July  1975  through  December 
lOlT"-  MrT"'7Tr*lic  Far  land  and  Mr.  T.  E.  Kennedy  of  the  DNA  were  technical 
monitors . 

This  project  was  under  the  general  supervision  of  Mr.  W.  J. 

Flathau,  Chief,  Weapons  Effects  Laboratory  (WEL) , WES.  It  was  initiated 
under  Lhe  supervision  of  Mr.  L.  F.  Ingram,  Chief,  Phenomenology  and 
Effects  Division  (PE) , WEL,  and  most  of  the  work  was  performed  under  the 
supervision  of  Mr.  J.  T.  Ballard,  Chief,  Structures  Division  (SD),  WEL. 

Conception  and  design  were  by  Dr.  A.  Peekna,  the  principal  inves- 
ti(>;ator,  who  also  prepared  most  of  this  report.  The  static  and  dynamic 
tests  in  hydraulic  fluid  and  the  laboratory  tests  in  sand  were  performed 
at  the  Soil  Dynamics  Division  of  the  Soils  and  Pavements  Laboratory, 

WES.  Mr.  B.  F.  Wright  helped  conceive  the  method  of  obtaining  short 
pulses  in  the  dynamic  fluid  chamber.  The  static  and  dynamic  tests  with 
a.  single  ball  were  performed  by  Mr.  G.  P.  Bonner,  who  also  wrote  the 
corresponding  chapter  (Chapter  7)  pf  this  report.  Chapter  7 is  essen- 
tially a thesis  submitted  in  partial  fulfillment  of  the  requirements 
for  the  degree  of  Master  of  Science  in  Engineering  Mechanics  at  Mis- 
sissippi State  University;  Dr.  A,  Peekna  was  the  on-site  advisor.  The 
impressions  were  measured  at  the  Engineering  Sciences  Division, 

Concrete  Laboratory,  WES,  by  Mr.  G.  S.  Wong.  Appendix  B,  the  assembly 
Xirocodure,  was  written  by  Mr.  J.  B.  Lamb. 

Directors  of  WES  during  the  project  were  BG  E.  D.  Peixotto  and 
COL  G.  H.  Hilt;  COL  J.  L.  Cannon  was  Commander  and  Director  during  the 
conclusion  of  the  project  and  the  preparation  of  this  report. 

Technical  Director  vas  Mr.  F.  R.  Brown. 
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CONVKRSION  FACTORS,  U.  CUHTOMAHY  TO  MFTRTC  (TU) 
UNITr>  OK  MFYVCUHl'J'IWJT 


U.  w.  customary  units  of  measuremeiit  used  in  this  rej)ort  can  bo  con- 
verted to  metric  (!il)  units  as  follows: 


Multi))ly 

inches 

feet 

pounds  (mass) 
pounds  (force) 

pounds  (mass)  per  cubic  inch 

pounds  (force)  per  square 
inch 

g (acceleration  of  gravity) 
microns 


To  Obtain 


2.5*1 

O.30U8 

>•53.59237 

I1.I4U8222 

27.68 

.00689l>757 


c(“ntimetres 

metres 

grams 

newtons 

grams  per  cubic  cm 
megapascals 


10 


9.81 
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n 

metres  per  sec' 
metres 
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DKVELOl’MENT  OF  TIIK  BRINKLL  SANDWICH 

i’Anr,rvE  soil  stress  gage 


CHAPTER  1 
INTRODUCTION 


1.1  BACKGROUND 

Passive  stress  gages  can  provide  cost-effective  measurements  of 
peak  stress  in  soil  or  on  a soil-structure  interface.  Generally,  a 
soil  stress  gage  will  not  indicate  exactly  the  same  stress  that  would 
occur  if  the  gage  were  not  present  in  the  medium,  tor  example,  when 
the  gage  is  placed  in  the  free  field  or  on  a structure  made  of  stiff 
material  such  that  it  sticks  out  into  the  external  medium,  the  gage 
will  tend  to  overregister  if  its  deforming  portion  is  stiffen  than  the 
medium,  and  to  underregister  if  it  is  less  stiff  than  the  medium.  Over- 
registration  is  preferahle  to  underregistration;  the  overregistration 
factor  of  a flat,  disk-shaped  gage  is  not  very  sensitive  to  variations 
in  media  properties,  whereas  underregistration  in  a strong  and  stiff 
medium  can  he  severe.  A flush-mounted  gage  in  a stiff  structure  will 
always  tend  to  underregister;  however,  provided  the  ratio  of  gage 
deflection  to  diameter  is  small  and  the  external  medium  is  not  very 
stiff,  the  underregistration  of  a flush-mounted  gage  will  not  he 
excessive.  For  a thorough  review  of  the  interaction  between  soils  and 
pressure  cells,  the  reader  is  referred  to  a recent  report  hy  M.  J. 
Hvorslev  (Reference  l). 

A soil  stress  gage  of  maximum  versatility  should  have  a flat  disk 
shape  and  he  as  stiff  as  possible.  Since  pretest  predictions  of  peak 
stress  resulting  from  nuclear  and  high-explosive  detonations  are  often 
very  inaccurate,  the  widest  possible  sensing  range  is  clearly  advanta- 
geous. For  maximm  usefulness  when  dealing  with  pulses  of  different 
rise  times  and  durations,  the  gage  should  he  free  of  rate  effects  over 
as  broad  a range  of  pulse  shapes  as  possible. 
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Home  previous  passive  gages  of  various  types  are  described  in 
Keferences  2-15.  Four  of  these  (References  T,  11,  13,  and  lU)  operate 
by  the  ball-indentation  principle,  which  is  also  used  in  the  Brinell 
Gandwich  passive  soil  stress  gage. 

1 . 2 Pl'RPOSE 

The  objective  was  to  design  and  test  a passive  peak-reading  stress 
gage  suitable  for  use  in  soil  and  weak  rock.  The  gage  should  be  capable 
of  producing  peak  stress  data  competitive  in  quality  with  the  results 
obtainable  from  active  gages,  but  at  a small  fraction  of  the  cost. 

1 . 3 SCOPE 

The  general  description  and  application  procedures  are  outlined  in 
Chapter  2;  details  such  as  drawings,  assembly  procedures,  etc.  are 
Included  in  the  Appendices.  The  key  to  a partial  bibliography  of 
mechaincal  properties  of  metals  at  high  rates  of  strain  is  included  in 
Chapter  3;  emphasis  is  on  the  less  strain  rate  sensitive  metals. 
Experimental  and  analytical  doctmientation  of  gage  performance  is  given 
in  Chapters  l(-Y.  Performance  characteristics  are  summarized  in 
Chapter  8;  the  reader  may  wish  to  proceed  directly  from  Chapter  2 to 
Chapter  8 in  a first  reading.  Some  of  the  material  reported  herein  has 
been  published  previously  (Reference  l6). 


CHAPTER  2 


DESCRIPTION  AND  OPERATION 


2.1  de;scription 

The  basic  Brinell  Sandwich  consists  of  a layer  of  small  hardened 
steel  halls  between  softer  materials.  The  balls  may  be  closely  packed 
or  separated  from  each  other  by  a spacer.  A cross  section  is  shown  in 
Figure  2.1.  The  gage  body  package  serves  to  seal  off  the  space  around 
the  balls  from  external  pressure,  and  to  provide  protection  against 
shear  in  the  plane  of  the  sandwich. 

When  the  gage  is  loaded,  the  balls  indent  the  softer  insert  plates. 
The  diameters  of  indentations  in  an  appropriate  sampling  pattern  are 
measured  with  a microscope  and  compared  with  indentation  diameters 
produced  by  loads  of  known  magnitude  under  laboratory  conditions.  A 
photomicrograph  of  an  impression  is  shown  in  Figure  2.2. 

Two  versions  of  the  Brinell  Sandwich  soil  stress  gage  have  been 
used  to  date.  In  the  high-ranged  gage,  the  balls  are  closely  packed, 
forming  a plane  hexagonal  array  except  at  the  edge.  Measured  mean 
density  in  the  hexagonal  array  (at  the  gage  center)  was  20.305  balls 
per  square  centimetre  (131.00  per  square  inch).  In  the  lower-ranged 
version,  the  balls  are  separated  by  a 1 . 27 -millimetre-  (0.050-inch-) 
thick  spacer  into  an  array  with  3.875  balls  per  square  centimetre 
(25  per  square  inch);  this  is  a square  array  except  at  the  edge,  but 
the  ball  density  there  is  very  nearly  the  same  as  at  the  center. 

The  materials  used  for  the  inserts  are  either  7075-T6  aluminum  for 
both  inserts  or,  more  often,  7075-T6  and  6o61-T6;  the  choice  depends  on 
desired  range  and  stiffness.  The  choice  of  these  alloys  was  based  on 
a search  of  published  literature  on  strain  rate  sensitivity  (the 
dependence  of  plastic  flow  stress  on  strain  rate). 

The  choice  of  material  for  the  gage  body  is  considerably  less 
critical.  The  density  of  aluminum  is  much  closer  to  media  densities 
than  that  of  steel,  hence  use  of  aluminum  minimizes  acceleration 
sensitivity.  The  alloy  7075-T651  is  used  because  of  its  high  strength 
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and  stress-relieved  temper.  Because  stress  gages  are  often  placed  in 
grout  designed  to  simulate  the  native  backfill  material,  be  it  soil  or 
a weak  rock  such  as  tuff,  the  gage  body  parts  are  normally  plated  with 
electroless  nickel.  Otherwise,  the  typically  alkaline  grouts  react 
with  the  aluminim  and  produce  hydrogen  gas,  which  forms  a matrix  of 
bubbles  next  to  the  gage  surfaces  while  the  grout  sets.  Such  a bubble 
matrix  is  to  be  avoided  since  its  presence  may  significantly  change  the 
stress  exerted  on  the  gage;  soft  coatings  should  be  avoided  for  the 
same  reason.  Electroless  nickel  is  a hard  and  very  uniform  coating 
that  appears  to  provide  adequate  protection.  The  effect  of  electroless 
nickel  plating  on  the  integrity  of  Portland  cement  slurry  cast  around 
aluminum  is  demonstrated  in  Figure  2.3;  similar  results  were  obtained 
with  HARM  (CC)  (CS  II  9.00)  grout. 

2.2  APPLICATION  PROCEDURES 

Detailed  drawings  and  specifications  for  the  gage  parts  are  given 
in  Appendix  A.  The  instructions  for  assembly  are  given  in  Appendix  B. 

Calibration  of  each  new  sheet  of  material  for  the  TOT5-T6  and 
606I-T6  al\miinimi  inserts  avoids  the  effects  of  slight  variations  in 
mechanical  properties  between  different  batches  of  the  same  alloy. 

This  is  done  statically  by  means  of  a single  ball  in  series  with  a load 
cell.  In  order  to  take  full  advantage  of  the  sizeable  useful  range  of 
this  gage,  the  use  of  load  cells  of  two  different  rated  load  ranges  is 
recommended.  Equivalent  peak  pressures  are  obtained  by  multiplying 
each  value  of  the  peak  load  by  the  ball  density  (number  per  unit  area) 
in  the  gage.  The  impression  diameters  are  measured  with  a binocular 
microscope  calibrated  with  a stage  micrometer;  nominal  magnifications 
of  16OX,  80X,  and  56X  provide  an  adequate  range.  The  binocular  feature, 
together  with  appropriate  lighting  arrangements,  is  a significant  help 
in  improving  impression  edge  definition.  As  specified  in  the  ASTM 
standard  for  Brinell  hardness  testing  (Reference  17 ) > each  impression 
so  obtained  is  measured  in  mutually  perpendicular  directions.  The 
calibration  procedure  is  discussed  in  greater  detail  in  Appendix  C. 

The  resulting  curves  of  peak  pressure  versus  indentation  diameter. 
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usually  plotted  on  log-log  paper,  are  used  in  reducing  the  data  from 
recovered  gages. 

Considerable  care  must  be  taken  in  the  placement  of  soil  stress 
gages  of  any  type.  Investigations  of  several  procedures  for  placing 
disk-shaped  gages  in  sand  and  clay  are  reported  in  References  l8  and  I9. 
If  grout  or  concrete  is  cast  on  the  flat  underside  of  a gage  positioned 
to  measure  vertical  stress,  it  is  recommended  that  the  gage  be  tilted 
slightly  in  order  to  avoid  the  possibility  of  trapping  air  bubbles  on 
the  downward  face.  Any  free-field  positioning  fixtures  may  attach  to 
the  gage  only  at  its  edge  and  should  be  such  as  to  disturb  the  state  of 
stress  in  the  vicinity  of  the  sensing  faces  as  little  as  possible.  In 
making  measurements  on  a structure  interface,  good  contact  with  the 
structure  material  must  be  assured.  Hard  epoxy  has  proved  satisfactory 
for  fastening  gages  to  metal  backings  and  to  concrete  structures  that 
have  already  been  cast.  The  possibility  of  air-voids  in  the  epoxy  may 
be  minimized  by  not  attempting  to  spread  it  evenly,  but  by  placing  a 
large  blob  in  the  center  and  forcing  the  epoxy  outwards  as  the  gage  is 
pressed  onto  the  surface. 

Care  must  be  taken  to  prevent  secondary  loading  of  the  gage  due  to 
impacts  during  recovery.  If  the  ga^e  is  embedded  in  grout,  the  direc- 
tion of  cutting  should  be  toward  the  gage  edge,  never  toward  a sensing 
face.  It  is  better  not  to  clean  the  exterior  of  recovered  gages  in  the 
field,  but  to  bring  them  back  to  the  laboratory  together  with  any 
pieces  of  grout,  epoxy,  and/or  concrete  that  may  be  attached. 

Because  of  the  large  number  of  indenters  and  relatively  flexible 
gage  body  faces,  this  gage  indicates  a stress  distribution  instead  of 
merely  the  total  load  on  the  array.  This  feature  not  only  minimizes 
the  influence  of  friction  between  the  gage  parts  at  the  edge,  influence 
of  lateral  stresses,  etc.,  but  can  also  be  used  to  diagnose  problems 
due  to  imperfect  placement  and  recovery.  During  data  reduction,  each 
indented  insert  is  carefully  examined  for  anomalies  in  the  distribution 
of  impression  sizes.  Normally,  the  impression  sizes  are  nearly  constant 
in  a central  region  and  diminish  near  the  edge.  In  the  event  that  an 
anomaly  such  as  a local  low  or  high  region  is  found,  it  is  worthwhile 
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to  carefully  examine  the  gage  body  parts  for  corroborating  evidence, 
such  as  a void  in  the  epoxy  or  grout  sticking  to  the  gage,  or  evidence 
of  a hit  on  the  gage  or  on  the  grout  sticking  to  the  gage.  Once  the 
problem  is  identified,  it  becomes  possible  to  obtain  valid  upper  and/or 
lower  limits  on  the  peak  stress. 

Occasionally  the  distribution  of  impression  sizes  may  indicate  a 
linear  stress  gradient  from  one  side  of  the  gage  to  the  other,  i.e., 
the  distribution  of  indicated  stress  in  the  central  region  is  still 
flat  but  tilted.  Such  gradients  are  somewhat  ambiguous  with  the  effects 

of  shear.  However,  provided  that  the  sampling  pattern  of  impressions  ‘ 

is  not  offset  from  center,  the  effect  of  shear  on  the  peak  stress 
indicated  by  the  gage  is  minimal.  This  is  discussed  more  fully  in 

Chapter  5.  ' 

Normally  five  impressions  in  a centered  sampling  pattern  are 
measured  on  one  insert,  and  just  the  central  impression  on  the  other. 

Averaging  over  five  impressions  diminishes  the  effect  of  local  vari- 
ations in  hardness  of  the  insert  material;  the  ASTM  standard  on  Brinell 
hardness  testing  (Reference  IT)  specifies  a minimum  of  five  impressions 
in  calibrating  standardized  hardness  test  blocks  whose  test  face  is 
less  than  100  square  centimetres.  The  single  impression  measured  on 
the  other  insert  serves  only  as  a quality-control  check.  Because  large 
impressions  in  the  alloy  6o61-T6  appear  to  involve  a barely  detectable 
strain  rate  effect,  the  peak  stress  is  usually  obtained  from  impressions 
in  the  T075-T6  insert.  Since  impression  edge  definition  becomes  more 
difficult  with  impressions  smaller  than  0.3  millimetre  diameter,  impres- 
sions in  the  softer  6o61-T6  are  used  for  better  resolution  near  the 
lower  end  of  the  sensing  range. 

If  the  gage  is  used  in  an  environment  involving  a combination  of 
shear  stress  and  multiple  peaks  in  the  normal  stress,  the  result  is 
usually  not  just  one  clean  set  of  impressions;  more  often  one  or  more 
other  sets  of  secondary  impressions  are  superposed  on  the  impression 
ed^es.  These  secondary  impressions  are  usually  crescent-shaped. 

Nevertheless,  it  has  been  possible  to  measiire  the  diameter  of  the 
primary  impression  in  at  least  one  direction  in  almost  all  cases. 
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Unmeasurable  superpositions  of  impressions,  from  whieh  only  upper 
limits  ean  be  obtained,  have  been  rare.  Sometimes  the  impressions  are 
slightly  out  of  round,  indieating  that  the  ball  had  rolled  slightly; 
sueh  are  measured  along  the  minor  axis.  The  attendant  inereased  diffi- 
eulty  of  impression  measurement  inereases  the  error  band  on  the  indi- 
eated  peak  stress  to  a typieal  value  of  ten  pereent  over  most  of  the 
sensing  range. 

The  gage  body  parts  (other  than  the  inserts)  are  often  reusable. 
However,  before  any  are  reused,  they  should  be  inspeeted  in  a maehine 
shop  to  eheek  if  any  deformation  has  not  brought  the  flatness  of  the 
inner  surfaees  outside  the  specifications;  the  detailed  drawings  are  in 
Appendix  A. 

The  influence  of  the  presence  of  the  gage  in  the  meditim  is  often 
expressed  in  terms  of  the  registration  ratio,  defined  as  the  stress 
indicated  by  the  gage  divided  by  what  the  stress  would  be  if  the  gage 
were  not  present.  This  may  be  measured  by  preparing  a soil  or  grout 
specimen  containing  the  gage  in  the  actual  field  placement  configura- 
tion, and  subjecting  it  to  a known  stress  input  in  the  laboratory.  The 
specimen  must  be  sufficiently  large  so  that  boundary  effects  do  not 
significantly  influence  gage-medium  interaction'.  This  is  discussed 
more  fully  in  Chapter  6.  Because  of  the  nonlinearity  of  most  soils  and 
grouts,  the  registration  ratio  is  usually  not  a constant  but  depends  on 
the  stress,  as  well  as  on  the  particular  variety  of  soil  or  batch  of 
grout  used. 

The  gage  characteristics  are  summarized  in  Chapter  8;  the  reader 
may  wish  to  proceed  from  here  directly  to  Chapter  8 in  a first  reading. 
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a.  Cement  slurry  cast  around  bare 
7O75-T65I  aluminum. 


b.  Same  batch  of  cement  slurry  cast  around  7075-T651 
aluminum  plated  with  electroless  nickel. 


Effect  of  proper  anticorrosive  coating  on  the 
integrity  of  Portland  cement  slurry  around  aluminum 


Figure  2.3 


CHAPTER  3 


STRAIN  RATE  SENSITIVITY  AND  THE  CHOICE  OF  INSERT  MATERIALS 

The  choice  of  insert  materials  is  critical.  A partial  search  of 
published  experimental  data  on  strain  rate  sensitivity  (the  dependence 
of  plastic  flow  stress  on  strain  rate)  was  conducted,  with  emphasis  on 
the  less  strain  rate  sensitive  metals.  Tables  3.1,  3.2,  and  3.3  provide 
the  key  to  the  resulting  partial  bibliography  of  mechanical  properties 
of  metals  at  high  rates  of  strain  (References  20-6l).  In  any  of  the 
uniaxial  configurations,  data  at  plastic  strain  rates  up  to  at  least 
.100  sec  ^ were  required  for  inclusion  in  the  listing;  this  strain  rate 
corresponds  to  a strain  of  ten  percent  produced  in  one  millisecond. 

Two  reviews  (References  20  and  23)  are  also  included. 

As  is  evident  from  Tables  3*1 j 3.2,  and  3.3,  not  much  data  on  the 
ball-indentation  configuration  were  found.  The  most  common  configura- 
tion used  in  high-rate  testing  is  uniaxial  stress  compression,  because 
it  lends  itself  so  readily  to  the  Hopkinson  bar  technique.  Strain  rate 
sensitivity  is  generally  less  for  metals  having  a face-centered  cubic 
crystal  structure,  such  as  aluminum  and  copper,  than  for  metals  with  a 
body-centered  cubic  structure,  suoh  as  iron  and  most  steels.  The 
aluminum  alloys  T075-T6  and  6o61-T6  have  the  lowest  strain  rate  sensi- 
tivity in  uniaxial  stress  compression  of  any  materials  on  which  pub- 
lished data  were  found  in  this  search.  The  strain  rate  sensitivity  in 
uniaxial  stress  compression  is  negligible  up  to  strain  rates  close  to 
1000  sec  ^ for  both  70T5-T6  (References  29  and  UU)  and  6o61-T6 
(References  29,  3^,  35 j and  itU).  However,  tension  data  on  6o61-T6 
indicate  a noticeable  rate  effect  (References  Ul,  h2,  and  U3);  the 
ultimate  tensile  strength  increases  by  a factor  of  1.2  upon  going  from 
a strain  rate  of  10  sec  ^ to  100  sec  ^ and  the  stress-strain  curve 
shifts  upward  by  roughly  the  same  amount  throughout  the  plastic  region 
(References  Ul  and  h2) . It  was  decided  to  use  the  alloys  7075-T6  and 
60'j1-t6  for  the  insert  materials,  and  to  conduct  experimental  investi- 
gations of  the  influence  of  the  pulse  rise  time  and  duration  on  ball 
indentations  in  these  alloys.  These  are  reported  in  Chapters  U and  7- 
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Table  3.1.  Key  to  a partial  bibliocraphy  on  the  mechanical  properties  of  aluminum  alloys  at  high  rates  of  strain. 
Numbers  under  the  various  stress  confiipirution  headings  denote  references  at  the  end  of  the  text. 


7075-^ 


Table  3.2.  Key  to  a partial  bibliography  on  the  mechanical  properties  of  miscellaneous 


Uranium  - 10%  Mo 


Table  3.3.  Key  to  a partial  bibliography  on  the  mechanical  properties  of  iron  and 
steels  at  high  rates  of  strain.  Riombers  under  the  various  stress 
configuration  headings  denote  references  at  the  end  of  the  text. 
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CHAPTER  h 


STATIC  AND  DYNAMIC  TESTS  IN  HYDRAULIC  FLUID 

Static  and  dynamic  tests  were  performed  in  a dynamic  fluid  chamber. 
A representative  of  the  group  of  dynamic  pulses  obtained  by  normal 
operation  of  the  fluid  chamber  is  shovm  in  Figure  U.la.  However,  it 
was  found  that  by  operating  the  fluid  chamber  with  a volume  of  nitrogen 
immediately  above  the  fluid  and  by  minimizing  chamber  volume,  consider- 
ably shorter  pulses  could  be  obtained,  especially  with  the  higher  peak 
pressures.  One  of  the  fastest  pulses  from  this  group  is  displayed  in 
Figure  U.lb.  The  rise  time  was  defined  as  in  Figure  k.l  because  the 
beginning  shoulder  of  the  pulse  is  both  poorly  defined  and  unimportant 
in  checking  for  possible  strain  rate  effects. 

The  results  are  plotted  in  Figures  k.2  and  ^.3,  and  the  parts  of 
these  plots  involving  the  higher  peak  pressures  and  correspondingly 
large  impressions  (which  are  the  most  sensitive  indicators  of  possible 
strain  rate  effects)  are  expanded  in  Figures  h.k  and  !+.5.  Each  point 
represents  the  mean  impression  diameter  at  the  gage  center,  based  on  a 
sample  pattern  of  seven  impressions  for  the  high-ranged  gage,  and  five 
impressions  for  the  lower-ranged  gage.  In  the  absence  of  detectable 
rate  effects,  all  three  sets  of  points  should  lie  along  the  same  line 
(within  random  point  scatter)  irrespective  of  pulse  rise  time  and 
duration.  This  is  indeed  true  for  the  alloy  TOT5-T6.  However,  large 
impressions  in  the  alloy  6o61-T6  appear  to  involve  a barely  detectable 
rate  effect,  as  indicated  in  Figiire  ^t.5.  Of  course,  this  is  easily 
avoided  by  always  installing  at  least  one  T075-T6  Insert  in  the  gage, 
and  not  utilizing  large  impressions  in  606I-T6  as  readout.  Small 
impressions  in  606I-T6  may  be  used  for  better  resolution  near  the  lower 
end  of  the  sensing  range.  Static  and  dynamic  tests  with  a single  ball, 
involving  pulses  shorter  by  a factor  of  ten,  are  reported  in  Chapter  7- 

Tests  in  hydraulic  fluid  between  peak  pressures  of  100  MPa  and 
1*00  MPa  were  also  attempted.  Due  to  problems  with  the  reference 
transducer,  the  resulting  data  could  not  be  considered  calibration 
quality.  The  threshold  at  which  the  inserts  bottom  on  the  spacer  in 
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the  lower-ranged  gage  was  found  to  be  between  approximately  130  MPa 
and  180  MPa.  The  fluid  pressure  threshold  for  permanent  deformation  of 
the  gage  body  parts  was  found  to  be  approximately  200  MPa,  but  the 
gages  could  always  be  easily  disassembled.  Absence  of  any  0-ring 
failures  was  encouraging. 

Some  tests  on  the  high-ranged  gage,  with  balls  closely  packed, 
were  performed  with  a uniajcial  static  testing  machine.  The  gage  bodies 
used  in  these  tests  had  been  machined  for  extra  radial  clearance.  The 
load  was  distributed  over  the  entire  active  face  of  the  gage.  The 
equivalent  pressure  was  computed  by  dividing  the  total  load  by  the 
total  number  of  balls,  then  multiplying  by  the  ball  density  in  a close 
packed  hexagonal  array.  Root-mean-square  impression  diameters  were 
computed  from  a sample  pattern  covering  the  insert  face.  The  results 
are  included  in  Figure  h.2. 

The  amount  of  random  point  scatter  in  Figures  h.2  and  1+.3  provides 
a measure  of  resolution.  From  the  data  of  Figures  h.2  and  ^.3,  the 
error  band  on  the  indicated  stress  over  most  of  the  sensing  range  is 
percent  of  reading,  with  approximately  95  percent  confidence  level. 

High  pressures  close  the  radial  clearance  just  inside  of  the 
0-ring.  This  elastic  deformation  may  be  theoretically  predicted 
(Reference  62),  and  was  also  indicated  by  contact  marks  when  the  peak 
fluid  pressure  was  above  50  MPa  (=7300  psi ) . However,  the  effect  of 
edge  friction  is  mitigated  by  the  large  niimber  of  indenters  and 
relatively  flexible  gage  body  faces . 

When  the  peak  pressures  are  converted  to  load  per  ball,  the  data 
in  Figures  h.2  and  U.3  collapse  onto  a common  set  of  curves  together 
with  the  appropriately  scaled  data  taken  with  a single  2.5  mm  ball 
(Chapter  7)*  This  indicates  that  under  conditions  of  isotropic  pres- 
sure, the  effect  of  edge  friction  upon  impressions  at  the  center  is 
negligible  for  the  two  gage  versions  tested.  It  also  implies  the 
absence  of  detectable  eff^icts  of  neighboring  indentations  when  the 
balls  are  closely  packed,  at  least  up  to  the  maximum  impression  diameter 
in  the  tests  with  the  uniaxial  static  testing  machine.  This  was  1.25  mm 
(a  little  more  than  half  the  ball  diameter)  in  606I-T6  (Figure  U.2); 
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the  behavior  of  the  two  alloys  may  safely  be  assumed  sufficiently 
similar  so  that  impressions  in  7075-T6  should  likewise  remain  unaffected 
by  their  neighbors  at  least  up  to  this  limit.  Since  it  would  take 
approximately  U70  MPa  to  produce  1.25  mm  impressions  in  7075-T6,  it 
can  be  concluded  that  calibrations  of  7075-T6  with  a single  ball  should 
be  adequate  at  least  over  a sensing  range  extending  up  to  U70  MPa. 

Some  tests  were  done  with  the  lower-ranged  gage  in  which  the  edge 
of  the  spacer  was  trimmed  so  as  to  allow  a ring  of  balls  around  it. 

This  diminished  the  depth  of  the  impressions  at  the  edge  by  approxi- 
mately a factor  of  two,  thus  serving  as  a simulation  of  significantly 
higher  edge  friction.  In  such  tests  at  peak  pressures  of  approximately 
15  MPa  and  77  MPa,  the  indicated  stress  at  the  center  increased  by 
6 percent  and  U percent  of  reading,  respectively.  When  the  gage  is 
mounted  on  a stiff  structure,  the  gage  bowl  bottom  is  not  free  to  flex, 
so  that  all  differential  movement  must  be  accommodated  by  flexure  of 
the  piston  plate.  In  order  to  simulate  this  condition  with  high  edge 
friction,  the  above  tests  were  repeated  with  a gage  bowl  having  an 
extra  thick  (2.5^  cm)  bottom.  This  time  the  effect  of  the  ring  of 
balls  around  the  edge  Increased  the  indicated  stress  at  the  center  by 
10  percent  and  3 percent  of  reading,  at  peak  pressures  of  approximately 
20  MPa  and  79  MPa,  respectively.  These  results  are  compared  with 
theoretical  predictions  in  Chapter  5.  With  a normal  spacer,  without  a 
ring  of  balls  around  the  edge,  the  effect  of  stiffening  the  gage  bowl 
bottom  on  the  Impressions  at  the  center  was  undetectable;  at  a peak 
pressure  of  approximately  76  MPa  the  indicated  stress  decreased  by  less 
than  1 percent  of  reading,  which  is  well  within  the  point-scatter  error 
band  of  percent  of  reading. 
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Figure  I4.I.  Representative  pulses  from  tests  in  a dynamic 

fluid  chamber,  (a)  Representative  of  the  dynamic 
pulses  obtained  by  normal  operation  of  the  fluid 
chamber,  (b)  One  of  the  fastest  pulses,  rise  time 
1.0  millisecond,  obtained  by  operating  the  chaxaber 
with  a volvime  of  nitrogen  over  the  fluid. 
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Figure  U.2.  Tests  in  hydraulic  fluid  for  the  high-ranged 
Brinell  Sandwich  soil  stress  gage,  with  the 
steel  balls  closely  packed. 
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Figure  U.U.  Part  of  Figure  h.2  expanded  for  clearer  display  of 
comparisons  between  different  pulse  rise  times 
and  durations. 


IMPRESSION  DIAMETER,  mm 

Figure  U.5.  Part  of  Figure  U.3  expanded  for  clearer 
display  of  comparisons  between  different 
pulse  rise  times  and  durations. 


CHAPTER  5 


CALCULATED  CHARACTERISTICS 

5.1  GAGE  STIFFNESS;  STRESS  VERSUS  STRAIN 

Theoretical  treatments  of  indentation  by  a hard  sphere  may  be 
found  in  several  published  works;  only  a few  are  mentioned  here. 
Numerical  solutions  of  indentation  into  a rigid-plastic  material  by 
frictionless  and  rough  spheres  are  given  in  References  63  and  6h, 
respectively.  A finite  element  solution  of  the  elasto-plastic  indenta- 
tion of  a layered  medium  by  a frictionless  rigid  sphere  is  presented  in 
Reference  65.  The  semi empirical  approach  taken  in  Reference  66  is 
based  on  a statistical  analysis  of  published  data. 

In  the  initial  design  calculations,  Brinell's  original  observation 
that  the  ratio  of  force  to  the  surface  area  of  the  indentation  is 
nearly  constant  (Reference  6U)  was  assumed  to  hold  exactly;  together 
with  handbook  values  of  Brinell  hardness  (Reference  67),  this  was  used 
to  estimate  the  relations  between  pressure  and  indentation  diameters, 
as  well  as  gage  stiffness.  Such  predictions  of  indicated  stress  were 
within  a factor  of  1.3  of  the  actual  fluid  chamber  data  in  Figures  k.2 
and  U . 3 . 

The  calculated  stress-strain  relations  for  initial  loading  dis- 
played in  Figure  5.1  are  actually  semi empirical  in  that  the  strain  due 
to  plastic  impression  formation  was  computed  by  converting  measured 
impression  diameters  (the  data  in  Figures  h.2  and  ^.3)  to  indentation 
depth.  Since  piling  up  of  the  aluminum  at  the  impression  edges  was 
neglected,  the  actual  stiffness  is  expected  to  be  somewhat  greater. 
Elastic  deflection  at  the  indentations  was  approximated  by  the  elastic 
deflection  at  the  center  of  a circular  area  the  same  size  as  the 
indentation  subjected  to  uniform  pressure  (Reference  62).  Elastic 
strain  in  the  gage  body  parts  was  also  included.  The  offset  at  zero 
stress  in  Figure  5.1  corresponds  to  the  maximum  discrepancy  permitted 
between  the  measured  thickness  of  the  assembled  gage  at  the  center  and 
the  stun  of  the  measured  thicknesses  of  the  parts. 
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Some  experimental  confirmation  of  these  stress-strain  curves  has 
been  obtained  in  the  dynamic  tests  with  a single  ball  (Chapter  7),  in 
which  the  pulse  rise  time  predictions  based  on  Figure  5.1b  are  in  very 
good  agreement  with  the  actual  results. 

Comparison  of  Figures  5.1a  and  5. lb  shows  that  the  gage  stiffness 
can  be  increased  somewhat  by  using  it  with  both  inserts  made  of  TOT5-T6. 
The  stiffness  could  be  increased  scmewhat  further  by  having  one  of  the 
inserts  made  of  a very  hard  material  such  as  hardened  steel  and  using 
the  impressions  in  only  the  7075-T6  as  readout.  However,  because  of 
the  desirability  of  a more  extended  sensing  range  as  well  as  improved 
data  reduction  quality  control,  the  gage  has  almost  always  been  used 
with  one  insert  of  7075-T6,  and  the  other  of  6o61-T6  aluminum. 

The  stiffness  may  also  be  increased  by  decreasing  the  ball  size. 
However,  it  was  found  that  gage  assembly  became  significantly  more 
difficult  with  1.5875-mm  (l/l6-inch)  balls  than  with  the  2.38l25-mm 
(3/32-inch)  balls  normally  used. 

5.2  INERTIA  EFFECTS 

With  very  short  rise  times,  gage  performance  will  depend  on  fre- 
quency response  as  well  as  possible  strain  rate  effects.  If  the  stress 
versus  strain  behavior  of  the  .high-ranged  gage,  with  balls  closely 
packed,  were  to  be  conservatively  characterized  by  a modulus  of 
7500  MPa  (=1100000  psi),  and  the  lower-ranged  gage  by  a modulus  of 
lUOO  MPa  (=200000  psi),  then  their  response  times  to  a step  function  in 
external  stress  applied  to  both  gage  faces  simultaneously  would  be 
15  microseconds  and  35  microseconds,  respectively.  These  correspond  to 
half-periods  of  equivalent  elastic  systems,  which  would  have  natural 
frequencies  of  33  kHz  and  lU  kHz,  respectively. 

The  acceleration  sensitivity  at  low  frequencies  is  easily  obtained 
by  computing  the  mass  mismatch  on  one  side  of  the  ball  array  relative 
to  the  soil  around  it.  In  soil  of  1.7  gra/cc  density,  the  predicted 
acceleration  sensitivity  is  approximately  0.1  kPa  per  g of  acceleration 
(=0.015  psi/g). 
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5.3  EFFECTS  OF  EXTREME  LATERAL  STRESSES 


When  making  measurements  on  a structure  interface,  it  must  be  kept 
in  mind  that  the  lateral  stresses  in  the  structure  often  greatly  exceed 
the  normal  stresses  being  measured.  At  the  center  of  a square  plate  or 
two-way  slab,  the  lateral  stresses  would  be  axisymmetric , while  at  a 
location  undergoing  flexure  in  one  direction  the  lateral  stresses  would 
be  largely  uniaxial.  High  lateral  stresses  close  the  radial  clearance 
just  inside  of  the  0-ring  and  affect  the  functioning  of  the  gage  in  two 
ways:  (l)  axial  (frictional)  forces  diminish  axial  movement  at  the 

edge,  and  (2)  because  the  area  of  contact  is  not  aligned  with  the 
flexural  neutral  plane  of  the  piston  plate  (as  may  be  seen  in  Fig- 
ure 2,l),  lateral  forces  exert  moments  on  the  piston  plate  edge.  It  is 
easy  to  see  that  the  axisymmetric  situation  is  the  worst  case. 

Since  the  stress  versus  strain  behavior  of  the  gage  is  predicted 
to  be  very  nearly  linear  (Figure  5.1) » the  fxmctioning  of  a gage 
movinted  on  a structure,  with  the  gaige  bowl  bottom  not  flexing,  was 
analyzed  in  terms  of  a circular  plate  on  a linear  foundation.  Solutions 
of  this  problem  with  various  axisymmetric  loads  and  edge  conditions  are 
given  by  Markus  (Reference  68).  Because  Reference  68  is  in  German,  the 
pertinent  equations  are  also  given  in  Appendix  D.  For  the  purpose  of 
this  analysis,  the  stress-strain  relations  of  Figure  5.1  were  conserva- 
tively characterized  by  a modulus  of  7500  MPa  for  the  high-ranged  gage,, 
and  by  1^+00  MPa  for  the  lower-ranged  version;  the  corresponding  founda- 
tion moduli  were  obtained  by  dividing  these  numbers  by  the  gage 
thickness . 

A conservative  upper  limit  on  the  effect  of  frictional  forces  at 
the  edge  can  be  obtained  by  treating  the  piston  plate'  as  simply  sup- 
ported around  its  edge,  i.e.,  allowing  no  axial  movement  there  whatso- 
ever. This  extreme  condition  would  be  difficult  to  attain  in  practice 
because  structural  response  sufficient  for  closing  the  radial  clearance 
and  exerting  enough  force  to  prevent  sliding  would  have  to  precede  the 
normal  stress  on  the  gage.  The  effect  of  preventing  all  axial  movement 
at  the  edge  of  a gage  mounted  on  a structure  and  loaded  with  uniform 
normal  stress  q on  its  outer  face  is  predicted  to  increase  the 
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indicated  stress  at  the  center  by  0.l8q  in  both  gage  versions,  high- 
ranged  and  low-ranged. 

The  upper  limit  on  the  moment  that  radial  forces  can  exert  on  the 
piston  plate  edge  is  attained  when  plastic  yielding  is  reached  over  the 
entire  possible  contact  area  just  inside  of  the  0-ring  (Figure  2.1). 

The  magnitude  of  external  radial  stress  on  the  gage  edge  would  have  to 
exceeji  200  MPa  (=30,000  psi ) in  order  for  this  condition  to  be  reached. 
This  maximum  edge  moment  was  computed  from  the  ultimate  strength  of  the 
material  and  the  undeformed  dimensions  of  the  gage.  The  effect  of  this 
maximum  moment  on  the  simply  supported  edge  of  the  piston  plate  in  a 
gage  mounted  on  a structure  is  predicted  to  decrease  the  indicated 
stress  at  the  center  by  1.3  MPa  (=190  psi)  in  the  high-ranged  gage  and 
by  11.8  MPa  (=1700  psi)  in  the  lower-ranged  version.  Treating' the 
piston  plate  edge  as  simply  supported  is  justified  because  the  axial 
forces  at  the  edge  arising  from  the  application  of  the  maximum  edge 
moment  are  in  themselves  insufficient  to' overcome  friction. 

In  a hypothetical  on-structure  application  with  both  extremes  of 
(1)  no  axial  movement  at  the  edge,  and  (2)  maximum  edge  moment,  the 
predicted  increases  in  indicated  stress  are  0.l8q  minus  1.3  MPa  in  the 
high-ranged  gage,  and  0.l8q  minus  11.8  MPa  in  the  lower-ranged  version. 
The  two  effects  need  not  occur  with  proportional  severity;  for  example, 
there  is  usually  some  axial  movement  at  least  at  the  beginning  of  the 
pulse  even  if  the  maximiom  edge  moment  were  to  be  attained  near  the 
peak.  However,  they  always  partly  cancel  each  other. 

The  upper  limit  on  the  increase  in  indicated  stress,  0.l8q,  can 
be  equivalently  expressed  as  15  percent  of  reading.  In  the  high-ranged 
gage,  the  upper  limit  on  the  decrease  in  indicated  stress  (1.3  MPa) 
could  exceed  15  percent  of  reading  only  at  readings  below  8.7  MPa 
(=1300  psi);  the  sensing  range  is  from  U MPa  to  U70  MPa.  It  is  very 
unlikely  that  such  extreme  combinations  of  low  normal  stresses  and  high 
radial  stresses  would  ever  occur;  recall  that  the  external  radial 
stress  on  the  gage  edge  would  have  to  exceed  200  MPa  (=30,000  psi)  for 
the  maximum  edge  moment  to  be  reached.  For  all  practical  purposes , 

15  percent  of  reading  is  a conservative  upper  limit  on  the  effect  of 
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high  lateral  stresses  on  the  high-ranged  gage,  with  balls  closely  ' 

packed. 

However,  the  effect  of  the  maximum  edge  moment  on  the  lower-ranged  < 

version  is  of  sufficient  magnitude  (11.8  MPa,  or  1700  psi)  to  warrant 
not  recommending  it  in  applications  where  extreme  lateral  stresses  are 
expected  to  more  or  less  coincide  with  the  main  peak  in  normal  stress. 

Tests  in  the  fluid  chamber  (Chapter  U)  with  a low-ranged  gage  ■ 

having  an  extra  thick  bottom  and  a special  spacer  allowing  a ring  of 
balls  around  the  edge  provide  some  experimental  confirmation.  In  these 

tests,  the  stress  indicated  by  the  impressions  at  the  edge  was  approxi-  ^ 

mately  45  percent  of  the  fluid  pressure  p.  The  situation  may  be 

analyzed  as  a superposition  of  0.45p  acting  on  a gage  with  a normal  • i 

spacer  and  without  restrictions  on  movement  at  the  edge,  plus  0.55p  | 

acting  with  axial  movement  at  the  edge  being  prevented.  In  the  absence  , 

of  edge  moments  exerted  by  lateral  forces,  the  predicted  increase  in  ] 

indicated  stress  is  (0.l8) (0.55p) » or  10  percent  of  the  fluid  pressure  ^ 

. I 

p.  Actual  increases  were  11  percent  of  the  fluid  pressure  (lO  percent  ‘ 

of  reading)  in  a test  at  20  MPa,  and  3 percent  of  the  fluid  pressure  in  j 

a test  at  79  MPa.  The  discrepancy  between  this  prediction  and  the  test  i 

result  at  79  MPa  is  outside  the  error  band  of  ^4  percent  of  reading.  J 

However,  because  of  the  large  rotation  of  the  piston  plate  edge  in  the  , 

test  at  79  MPa,  the  inward  corner  of  the  piston  plate  was  brought  hard 

against  the  inner  edge  of  the  gage  bowl,  thus  setting  up  a resisting  ' 

moment.  This  was  indicated  by  clearly  visible  contact  marks.  An  edge  j 

moment  of  0.2  times  the  maximum  moment  .would  suffice  to  bring  the 

discrepancy  within  the  +4  percent  error  band.  j 

5.4  EFFECTS  OF  SHEAR  ^ 

The  strength  of  the  gage  assembly  in  shear  is  limited  by  tangential 
stresses  in  the  gage  bowl  edge  (which  result  from  moments)  and  also  by  . 

t 

bearing  stresses  on  the  piston  plate  edge.  The  amount  of  shear  that 
can  be  resisted  by  the  ball  array  clearly  depends  on  the  size  of  the 
impressions.  At  low  values  of  normal  stress,  when  almost  none  of  the 
shear  is  resisted  by  the  ball  array,  the  maximum  shear  stress  that  can 
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be  applied  to  the  gage  faces  before  significant  yielding  takes  place  is 
estimated  to  be  approximately  25  MPa  (=3600  psi). 

The  ambiguity  of  indicated  stress  gradients  with  the  effects  of 
shear  has  been  mentioned  in  Chapter  2.  Referring  to  the  cross  section 
of  the  gage  shown  in  Figure  2.1,  if  the  gage  is  mounted  on  a stiff 
structure,  with  the  gage  bowl  bottom  not  flexing,  it  is  easy  to  see 
that  shear  stress  applied  to  the  outer  face  creates  moments  that  tend 
to  make  the  piston  plate  tilt  slightly,  thereby  causing  a stress  gra- 
dient at  the  ball  array  even  though  there  may  be  none  at  the  outer  face 
itself.  If  the  piston  plate  is  assumed  to  be  rigid  and  all  the  shear 
force  is  assumed  to  be  resisted  at  its  lower  surface  inside  the  gage, 
then  the  indicated  stress  gradient  in  MPa/cm  is  predicted  to  be  0.2 
timds  the  external  shear  stress  in  MPa.  However,  the  assumption  of  a 
rigid  piston  plate  is  not  realistic,  and  when  the  problem- is  analyzed 
in  terms  of  a flexible  plate  on  a linear  foundation,  it  is  seen  that 
the  distribution  of  both  the  externally  applied  shear  and  the  resisting 
forces  become  important.  Under  some  sets  of  conditions,  predicted 
stress  gradients  in  the  central  region  are  higher. 

The  possible  effects  of  shear  on  the  stress  indicated  at  the 
center  of  the  gage  are  of  greater  interest.  Since  some  sliding  or 
shear  of  the  soil  or  grout  backfill  along  the  surface  of  a structure  is 
often  expected,  the  effects  of  shear  are  of  interest  especially  in  on- 
structure  applications.  The  response  of  a gage  mounted  on  a stiff 
structure  to  shear  applied  to  its  outer  face  was  treated  in  terms  of  a 
rectangular  plate  on  a linear  foundation,  with  the  same  cross  section 
as  the  piston  plate  in  the  direction  of  shear,  and  infinitely  long  in 
the  other  direction.  This  approximation  reduces  the  problem  to  one  of 
two  dimensions,  making  it  possible  to  use  the  theory  of  beams  on  linear 
foundations  (References  62  and  69). 

The  forces  arising  from  shear  may  be  divided  into  three  categories: 
(1)  external  applied  shear,  (2)  shear  resisted  by  the  ball  array,  and 
(3)  reaction  forces  at  the  downstream  edge,  including  axial  (frictional) 
forces.  The  effect  of  shear  on  bending  and  tilting  behavior  is  the 
same  as  that  of  a distributed  moment  whose  magnitude  is  half  the  plate 
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thickness  times  the  shear  stress.  The  distributed  moment  due  to  uniform 
or  merely  symmetrically  applied  external  shear  cannot  by  itself  alter  • 
the  indicated  stress  at  the  center.  However,  since  the  magnitude  of 
shear  that  can  be  resisted  by  the  ball  array  depends  on  the  size  of  the 
impressions,  some  asymmetry  is  to  be  expected  in  the  shear  resisted  by 
the  ball  array.  The  relative  importance  of  the  shear  resisted  by  the 
ball  array  is  highest  at  high  normal  stresses.  Upper  limits  on  the 
ratio  of  the  shear  that  can  be  resisted  by  the  ball  array  to  the  normal 
stress  are  easily  obtained  from  geometrical  considerations.  A computa- 
tion assuming  the  center  of  force  on  the  impression  to  be  eccentric  by 
half  the  impression  radius  may  safely  be  considered  conservative  when 
the  peaks  in  shear  and  normal  stress  are  coincident.  Conservative 
upper  limits  on  the  effect  of  shear  resisted  by  the  ball  array  were 
computed  by  assuming  this  resistance  to  be  uniformly  distributed  over 
the  downstream  half  of  the  piston  plate.  Deflections  at  the  downstream 
edge  were  used  In  computing  the  possible  range  of  axial  (frictional) 
forces.  Worst-case  combinations  of  possible  conditions  were  assumed. 

It  turns  out  that  at  least  over  the  gaige  sensing  ranges  considered 
here,  the  worst  combinations  of  conditions  exist  at  low  stresses,  where 
almost  none  of  the  reaction  to  shear  is  supported  by  the  ball  array  and 
where  plastic  yielding  does  not  prevent  the  horizontal  reaction  at  the 
downstream  edge  from  being  located  at  the  inner  corner.  When  the 
applied  shear  stress  is  equal  in  magnitude  to  the  normal  stress,  the 
predicted  upper  limits  on  the  error  in  normal  stress  at  the  center  are 
10  percent  of  reading  for  the  high-ranged  gage,  and  22  percent  of 
reading  for  the  lower-ranged  version. 

These  upper  limits  do  not  include  effects  on  the  impressions  due 
to  the  balls’  rolling  slightly.  As  has  been  mentioned  in  Chapter  2, 
impressions  that  are  slightly  out  of  round  are  measured  along  the  minor 
axis.  Although  significant  differences  between  stresses  indicated  by 
impressions  that  were  slightly  out  of  round  and  stresses  from  other 
recovered  gages  believed  to  have  been  subjected  to  roughly  the  same 
normal  stress  have  not  been  noticed,  a laboratory  investigation,  perhaps 
statically,  with  a single  ball,  would  give  a more  definite  indication. 
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External  compressive  stress  versus  calculated  axial  strain  at 
the  gage  center,  (a)  One  insert  7075-T6,  other  insert  606I-T6 
(b)  Both  inserts  7075-T6. 


CHAPTER  6 


LABORATORY  TESTS  IK  SAKD 

The  test  fixture  was  the  same  dynamic  fluid  chamber  that  was  used 
for  the  tests  in  hydraulic  fluid.  The  specimen  volume,  13.3^  cm  diam- 
eter and  6.35  cm  high,  contained  Reid-Bedford  sand,  with  a gage  embedded 
in  -he  middle.  Properties  of  Reid-Bedford  sand  are  described  in  Refer- 
ence TO.  The  sand  was  sprinkled  in  place,  with  a nominal  density  of 
1.65  gm/cc  (103  pounds  per  cubic  foot).  A rubber  membrane  separated 
the  specimen  volume  from  the  hydraulic  fluid  above  it.  The  results  are 
plotted  in  Figure  6.1,  Both  the  high-ranged  and  lower-ranged  gage 
consistently  overregistered;  in  view  of  the  high  gage  stiffness  (Fig- 
ure 5.1),  this  is  not  surprising.  The  overregistration  is  greatest  at 
the  j.owest  test  pressure  (Figure  6.1b). 

However,  the  specimen  volume  was  not  sufficiently  large  to  elimi- 
nate the  influence  of  boundary  effects.  If  the  specimen  volume  were 
larger,  these  gages  would  still  overregister  but  different  registration 
ratios  would  most  likely  be  obtained. 

Estimates  of  minimum  specimen  size  may  be  obtained  from  McNulty's 
experimental  investigation  of  arching  in  sand  with  a circular  trap  door 
(Reference  Tl).  For  measuring  registration  ratios  in  an  on-structure 
configuration,  a minimiom  specimen  volume  38  cm  (15  inches)  in  diameter 
and  15  cm  (6  inches)  high  is  desirable.  The  diameter  may  be  somewhat 
smaller  in  a device  without  wall  friction,  such  as  a triaxial  test 
device;  a 30-cm-diameter  specimen  without  wall  friction  would  be 
roughly  equivalent  to  a 38-cm-diameter  15-cm-deep  rigid  chamber.  For 
measuring  registration  ratios  with  soil  or  grout  on  both  sides  of  the 
gage,  a specimen  size  with  height  and  diameter  of  30  cm  (l2  inches)  in 
a triaxial  test  device  is  expected  to  be  an  acceptable  minimum. 
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CHAPTER  7 


STATIC  AND  DYNAMIC  TESTS  WITH  A SINGLE  BALL 

7.1  PURPOSE 

The  objective  of  this  part  of  the  investigation  was  to  devise  a 
method  of  subjecting  the  aluminum  alloys  7075-T6  and  6o61-T6  to  dynamic 
ball  indentations  with  half  sine  pulses  of  known  magnitude  and  rise 
times  of  0.1  and  0.2  msec,  and  to  investigate  possible  dependence  of 
the  relationship  between  peak  load  and  indentation  diameter  on  input 
rise  time  and  duration. 

7.2  EXPERIMENTAL  SYSTEM 

7.2.1  Apparatus.  The  apparatus  selected  for  use  in  this  study 
had  to  be  economical  and  easily  assembled  due  to  time  and  budget 
constraints.  Due  to  its  simplicity, .a  pendulum  was  designed  for  the 
loading  device. 

One  possible  choice  for  the  loading  device,  the  split  Hopkinson’s 
pressure  bar,  was  rejected  for  the  following  reasons: 

a.  The  inherent  problems  associated  with  a large  mismatch  between 
specimen  size  and  bar  diameter  as  noted  by  Yeung  Wye  Kong,  Parsons,  and 
Cole  (Reference  72). 

b.  Anticipated  problems  with  multiple  impacts. 

c.  Necessity  of  converting  stress  and  strain  values  to  the 
quantities  of  interest,  i.e.,  load  and  indentation  diameters. 

d.  Lack  of  available  space. 

e.  Costs. 

7.2.2  General  Description.  The  pendulum  consisted  of  either  a 
45-  or  a 113-gram  steel  bob  supported  by  four  3-metre  lengths  of  nylon 
cord.  The  bobs  were  machined  to  hold  a Rockwell  test  machine  ball 
holder.  The  indenter  was  a 2.5-mm-diameter  hardened  steel  ball  manu- 
factured for  Rockwell  and  Brinell  hardness  testing  and  was  secured  to 
the  Rockwell  fixture  by  a threaded  sleeve,  shown  in  Figures  7.1  and  7.2. 

The  load  sensing  element  consisted  of  four  strain  gages  symmetri- 
cally epoxied  to  the  Rockwell  ball  holder  shank  and  wired  as  a U^arm 
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Wheatstone  bridge  with  two  gages  sensing  in  the  axial  and  two  in  the 
circumferential  directions,  as  shown  in  Figure  7-3. 

The  signal  conditioning  instrumentation  consisted  of  a WES- 
designed  DC  amplifier  and  a j^l5-volt  DC  power  supply.  The  recording 
medium  was  a Tektronix  Model  551  oscilloscope  equipped  with  a Polaroid 
camera. 

A reaction  mass  was  machined  from  a 11.  it-cm-diameter , 1.3-metre- 
long  steel  bar  and  fitted  with  clamps  to  hold  the  aluminum  test  speci- 
mens and  a photocell  with  light  source,  as  shown  in  Figures  7-9-  The 
purpose  of  the  photocell  and  light  source  was  to  provide  a trigger  for 
the  oscilloscope. 

7.2.3  Specifications.  The  specifications  of  various  parts  of  the 
system  are  as  follows : 

7. 2. 3.1  Load  Sensor. 

a.  Strain  gages:  Micro  Measurements  Model  EA-06-050AH-120 

b.  Epoxy:  M-Bond  AElO/15 

c.  Material:  High-strength  steel 

d.  Sensitivity:  O.56  yV/V/N 

e.  Weight:  Body  and  wires  = 5 .08  gram 

Ball  = 0.07  gram 

Retainer  = 0.38  gram 

Total  = 5.53  gram 

f.  Static  calibration:  The  load  sensor  was  statically 
calibrated  against  a Baldwin-Lima-Hamilton  secondary  standard  load  cell 
of  i;i4k8-N  ( 1000-lb)  capacity.  The  loads  were  applied  by  a hydraulic 
jack  with  the  load  sensor  and  standard  load  cell  supported  in  a rigid 
frame.  The  load  sensor  and  standard  load  cell  were  read  out  on  two 
Doric  Model  DS100T2  digital  voltmeters.  The  static  calibration  curve 
is  presented  in  Figure  7.7 . After  the  loading  cycle  was  completed,  one 
arm  of  the  Wheatstone  bridge  was  shunted  with  precision  resistors  to 
produce  electrical  output  equivalent  to  several  load  levels.  These 
resistors  are  later  shunted  across  the  same  bridge  arm  to  establish 
load  rajige  on  the  oscilloscope  before  the  impact  tests. 


7 .2. 3.2  Signal  Conditioner. 

a.  Schematic  diagram:  Shown  in  Figure  7.8 

b.  Frequency  response:  Flat  percent  DC  to  50  kHz,  as 
shown  in  Figure  7.9 

7.2. 3.3  Oscilloscope. 

a.  Model:  Tektronix  551 

b.  Measured  frequency  response:  Flat  DC  to  5 MHz  on  DC  input 

mode 

7.2.3.H  Reaction  Mass.  It  was  desired  to  make  the  length  of 
the  reaction  mass  such  that  the  time  required  for  the  return  of  the 
stress  wave  generated  by  the  impact  should  be  in  excess  of  the  duration 
of  contact  between  the  ball  and  specimen,  that  is,  t > 0.2  msec. 
Assuming  the  stress  wave  velocity  of  steel  is 

c = 5000  m/sec 


and  with 


t = 2 L/c 


where  L is  the  length  of  the  bar,  we  have,  for  t > 0.2  msec, 

L > 0.5  metre 

An  ll.U-cm-diameter  steel  bar  was  available  with  L = 1.3  m.  This  bar 
was  considered  conservatively  aaequate  for  use  as  the  reaction  mass. 
Reflections  from  the  supports  were  minimized  by  supporting  the  bar  on 
ribbed  rubber  iso-pads.  The  edge  on  the  impact  face  of  the  bar  was 
beveled  at  U5  degrees  to  promote  dispersion  of  radial  stress  waves. 

The  steel  bar  was  harder  (200  Brinell  as  determined  by  a portable 
hardness  tester)  than  the  7075-T6  and  606I-T6  aluminum  alloys  being 
investigated  (Reference  67 ) . • 

7.3  FEASIBILITY  STUDY 

7.3.1  Scaling.  In  order  to  relate  the  deformation  properties  of 
the  passive  stress  gage  to  those  of  a single  ball  indentation,  several 
transformations  are  required.  An  outline  of  these  transformations 
follows . 

Because  the  stress-strain  curves  for  the  gage  in  Figure  5.1  ai’e 
very  nearly  linear,  the  curve  for  a gage  with  balls  closely  packed  and 
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both  inserts  70T5-T6  (Figure  5 -lb)  was  approximated  by  a modulus  of 
13100  MPa,  for  pressures  in  the  350-MPa  range.  Subtracting  out  strains 
in  the  alimiinum  gage  body  raises  this  to  162OO  MPa.  Given 
modulus  E = 16200  MPa 

gage  thickness  T = 15.2  mm  = 0.01 52  m 

2 2 
ball  density  D = 20.305  balls/cm  = 203050  balls/m. 

the  single-ball  7075-T6  indentation  spring  constant  k during  loading 

is  given  as 


k = 


10.5  MN/m 


(7.1) 


The  factor  2 in  the  equation  is  required  due  to  the  impressions  in  the 
two  aluminum  inserts  in  the  gage. 

The  balls  used  in  the  passive  stress  gage  have  diameters  of 
2.38125  mm  (3/32  in.).  The  balls  used  with  the  pendulum  load  sensor 
have  diameters  of  2.5  mm  as  required  by  the  Rockwell  fixture's  dimen- 
sions. The  2 . 5-mm-diameter  balls  are  not  available  in  the  United 
States  and  must  be  ordered  from  Europe.  The  2. 38l25-cm-diameter  balls 
are  used  in  the  actual  gage  because  of  the  large  humber  required,  their 
availability  and  low  cost  as  compared  with  the  2. 5-mm-diameter  balls. 

To  preserve  geometric  similarity  in  comparing  indentations  caused 
by  balls  of  2.38l25-mm  and  2.5-mm  diameter,  relative  dimensions  must  be 
scaled.  This  scaling  is  accomplished  for  forces  (F)  as  the  square  of 
the  diameter  ratio  and  for  displacements  (A)  as  the  ratio  of  diameters 
(Reference  73).  This  is  given  in  equation  form  as 


^2 . 5 mm  ^2 . 38  mm 


^2.5  mm  ^2.38  mm 


(2. 5 mm  \ ‘ 

2.38  mm  J 

(2. 5 mm  \ 

2.38  mm  y 


F 

2.38  V 2.38  / 


k^  ^ = 1.05  kg  3g  = 11.0  MN/m 


(7.2) 


Itl 


This  spring  constant  is  that  of  a single  2 . 5-inm-d.iaineter  ball  indenting 
a single  70T5-T6  aluminum  specimen. 

The  spring  constant  for  the  shank  of  the  load  sensor  (where  the 
strain  gages  are  located)  was  calculated  as  125.6  MN/m.  The  resulting 
spring  constant  of  the  ball-indentation  and  shank  in  series  is  given  by 


loading 


=10.1  MN/m 


(7.3) 


^all- 


indent  . 


shank 


7.3.2  Prediction  of  Rise  Time  and  Fall  Time.  For  this  purpose, 
the  load  sensor,  bob,  and  reaction  mass  can  be  represented  by  a model 
consisting  of  a rigid  reference  plane  (the  reaction  mass),  a spring 
with  force  constant  k (indentation,  ball,  and  shank  in  series),  and  a 
mass  M (that  of  the  load  sensor  and  bob).  The  natural  frequency  f 
of  an  undamped  single  degree  of  freedom  system  is  given  by 


The  natural  period  is  1/f  and  the  rise  time  is 


iT.h) 


t . = fr  • 

rise  4f 

For  K = 10.1  MN/m  (from  equation  7.3),  the  rise  time  is  given  by 


rise 


H 


10,100,000 

M 


(7.5) 


where  M must  be  in  kilograms.  The  spring  constant  for  a single  2.5-mm 
ball  and  7075-T6  indentation  during  unloading  is. similarly  obtained 
from  the  stress-strain  curve  in  Figure  5.1b  after  having  subtracted  out 
the  plastic  strain.  The  result  is 

’‘unloading  = 39.5  ™/m 


The  fall  time  for  the  system  is  given  by 

1 


^fall 


2 139,^00,000 
Try  M 

Comparing  equations  7*5  and  1.6,  it  is  seen  that 


(7.6) 


U2 


J 

■-4 


t . 

rise 


[10,100,000 

' 39,500,000 


(7.7) 


t = 0.506  t . 
fall  rise 

Table  7.1  was  constructed  by  means  of  equations  7.5  and  7.6  for  bobs 
weighing  1+5  grams  and  113  grams  and  several  desired  peak  force  levels. 

7.3.3  Mechanical  Aspects  of  the  Accuracy  of  the  Force  Measurement. 
Referring  to  Figure  7.10,  a fundamental  question  arises  concerning  the 
relationship  between  the  force  at  the  ball-specimen  interface  and  the 
measured  force  at  the  location  of  the  strain  gages. 

The  behavior  of  the  system  during  the  loading  portion  of  the  pulse 
may  be  analyzed  as  a free  vibration  problem.  Considering-  the  reaction 
mass  as  fixed,  the  motion  of  the  load  sensor  and  bob  system  can  be 
represented  as  a superposition  of  its  normal  modes.  Zero  damping  is 
assumed  as  the  worst  case.  Letting  y^  represent  the  displacements 
from  equilibrium  position  of  various  points  i within  the  system, 
and  y^  the  corresponding  velocities,  the  following  initial  conditions 
are  established: 

at  time  (t)  = 0 
all  y^  =0 


all  y.  = V 

10 

where  is  the  velocity  before  impact.  These  initial  conditions 

arise  from  the  fact  that  the  load  sensor  and  bob  system  is  not  vibrating 
and  is  moving  with  velocity  before  making  contact  with  the  speci- 

men. These  initial  conditions  determine  the  amplitudes  of  the  various 
normal  modes  of  the  system. 

For  any  given  normal  mode,  the  ratio  of  the  force  at  the  ball- 
specimen  interface  to  the  force  at  the  center  line  of  the  strain  gages 
is  the  same  as  in  the  steady-state  response  of  a single  degree  of 
freedom  composed  of  the  spring  constant  during  loading  k and  the 
lumped  mass  m between  the  gage  center  line  and  the  indentation 
(Figure  7 .10).  From  equation  7.3 


k =10.1  MN/metre 

With  the  mass  of  this  portion  of  the  system  (0.82  gram),  equation  7-^ 


gives 


where 


^ 10, 100, .00.0  ,18  kHz 

n 2nM  0.00082 


f^  is  the  natural  frequency  of  this  single  degree  of  freedom 


system.  An  expression  for  the  steady-state  response  of  such  an 
undamped  system  is  given  by  Dove  (Reference  7^)  and  others  as 


(7.8) 


where  X.  is  the  displacement  of  the  lumped  mass  between  the  gage 
J 

center  line  and  the  indentation,  for  mode  j , F.  is  the  corresponding 

J 

force  due  to  mode  j at  the  strain  gage  location,  and  f.  is  the 

0 


frequency  of  mode 


Equation  7.8  predicts  very  high  values  for  the 


ratio  -kX./F.  when  f./f  ~ 1.  Therefore,  a mode  of  the  total  system 
JO  J ^ . 

(the  bob  and  load  sensor)  around  l8  kHz  may  go  undetected  by  the  strain 

gages  and  yet  produce  a significant  force  amplitude  at  the  indentation. 

This  condition  may  be  interpreted  as  the  existence  of  a stress  node  at 

the  center  line  of  the  strain  gages  in'  any  l8-kHz  longitudinal  normal 

mode  of  the  system. 

Since  an  elastic  bar,  in  this  case  the  pendulum  bob,  has  an 
infinite  number  of  normal  modes,  a complete  analysis  is  much  easier  for 
models  consisting  exclusively  of  lumped  masses.  Such  a simplified 
model  of  the  load  sensor  and  bob  system  was  formulated  by  dividing  the 
mass  of  the  bob  into  two  lumped  masses  concentrated  at  the  ends;  details 
are  in  Appendix  E.  Different  values  were  assigned  for  the  spring 
constant  of  the  bob.  In  one  case,  two  22.5-gram  masses  were  assumed  to 
be  concentrated  at  the  ends  of  a spring  with  a force  constant  of 
lUO  MN/in.  This  combination  was  chosen  to  produce  an  l8-kHz  normal 
mode.  (a  ^5-gram  steel  bob  of  5-cm  length  would  have  a spring  constant 
of  about  490  MN/m. ) This  combination  provided  a conservative  predic- 
tion of  less  than  1 percent  for  the  force  amplitude  ratio  at  the 


indentation  of  second  to  first  normal  mode.  This  prediction  assumes  no 
hard  secondary  impacts  such  as  those  due  to  any  looseness  between  hoh 
and  load  sensor.  Although  this  model  does  not  accurately  represent  the 
experimental  system,  it  does  indicate  that  the  effects  of  normal  modes 
higher  than  the  first  are  expected  to  be  small. 

By  means  of  equations  J.8  and  T.^,  the  ratio  of  the  force  at  the 
ball-specimen  interface  to  the  force  at  the  strain  gage  location  for 
the  lowest  mode  can  also  be  calculated  as  a function  of  the  ratio  of 
the  mass  m to  the  left  of  the  gage  center  line  (Figure  T.IO),  to  the 
total  mass  M of  the  load  sensor  and  bob  system.  This  is  given  in 
equation  form  as 


Since  the  k's  are  very  nearly  the  same,  this  can  be  reduced  to 


Note  that  the  same  result  is  obtained  if  the  load  sensor  and  bob  are 
assumed  to  be  rigid.  That  is,  referring  to  Figure  T-IO,  the  ratio  of 
total  mass  to  the  mass  right  of  the  strain  gage  center  line  is 


1 


Using  0.82  gram  (calculated  from  load  sensor  dimensions.  Figure  J.P, 
and  the  density  of  steel)  for  m , this  ratio  becomes 


1.018 


for  the  U 5-gram  bob  and 


1 . 007 


for  the  113-graiii  bob.  All  dynamic  data  were  corrected  by  these  respec- 
tive ratios. 

The  bobs  (shown  in  Figiire  7.11)  were  made  as  short  as  possible 
without  sacrificing  stability  during  the  swing.  The  lengths  of  both 
the  U5-  and  113-gram  bobs  were  It. 6 cm.  The  frequency  of  the  first 
normal  mode  of  a free  bar  of  this  length  would  be  given  by 

==50  kHz 

where  c is  the  sonic  velocity  in  steel  and  L is  the  length  of  the 

bar.  This  frequency  would  very  nearly  equal  the  frequency  of  the 

second  normal  mode  of  the  system  with  the  ball  in  contact.  , 

The  effects  of  this  mode  should  also  be  examined.  Referring  again 

to  equation  7.8,  for  f.  = 50  kHz  and  f = l8  kHz 

j n 


-kX 

-F“  = 

^2 


This  means  that  if  the  50-kHz  mode  were  superimposed  on  the  data  at 
1 percent  the  amplitude  of  the  fundamental  frequency,  the  difference 
between  the  peak  as  seen  by  the  strain  gauges,  and  the  peak  at  the 
indentation  would  be  at  most  1.15  percent. 

In  summary,  the  difference  between  the  actual  force  at  the  inden- 
tation and  the  force  read  by  the  strain  gages  due  to  longitudinal  modes 
is  expected  to  be  less  than  2 percent. 

Some  transverse  modes  are  predicted  for  the  load  sensor  and,  bob 
systems.  These  may  be  calculated  by  approximating  the  systems  as  free 
beams  with  5-cm  lengths  and  constant  cross  sections  (Reference  62)  as 
follows : 


U5-gm  bob  (l. 37-cm-diam) 

f , = 23  kHz 

transverse 

113-gm  bob  (2.03-cm-diam) 

r . = 3U  kHz  . 

transverse 

Due  to  possible  lack  of  alignment  of  the  load  sensor  and  bob  axis  with 
the  direction  of  motion,  some  excitation  of  transverse  modes  is 
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possible.  However,  their  effect  on  the  longitudinal  forces  is  expected 
to  be  insignificant.  When  approximated  as  a cantilever  beam  with 
O.liO  cm  (0.158  inch)  diameter  and  1.11  cm  (O.UU  inch)  length,  the  load 
sensor  is  also  predicted  to  exhibit  a 23-kHz  mode  (Reference  62)  •,  this 
is  expected  to  enhance  the  sensitivity  of  the  load  sensor  to  a 23  kHz 
transverse  mode  while  the  ball  is  not  in  contact. 

7.i*  PROCEDURE 

The  aluminum  alloy  specimens  were  cut  to  fit  the  clamps  attached 
to  the  reaction  mass.  The  TOT5-T6  and  606I-T6  specimens  were  cut  from 
the  same  respective  sheets  of  material  as  the  inserts  used  in  the  tests 
in  hydraulic  fluid  (Chapter  U).  The  axial  tension  bolt  fastening  the 
load  sensor  to  the  bob  was  tightened  to  a torque  of  2.26  M-m 
(20  in. -lbs),  providing  an  estimated  preload  of  3100  N (700  lbs).  A 
specimen  was  clamped  to  the  reaction  mass,  the  pendulum  cords  were 
adjusted  so  that  the  bob  and  load  sensor  position  was  centered  on  the 
sample  and  interrupted  the  light  beam.  The  oscilloscope  vertical 
amplifier  gain  was  adjusted  for  the  expected  load  range.  This  adjust- 
ment was  accomplished  by  shunting  resistors  across  a sensor  bridge  arm 
to  simulate  loads  of  approximately  50  and  100  percent  expected  load 
range.  The  scope  beam  was  swept  at  1 cm/sec  as  the  resistors  were 
sequentially  shunted.  With  the  camera  lens  open,  this  produced  cali- 
bration "steps"  that  were  later  used  to  scale  the  data  photographs. 

Next,  the  scope  trigger  level  was  adjusted  so  that  as  the  bob  was 
pulled  away  from  the  specimen  and  gently  returned,  the  light  beam  was 
interrupted  and  the  resulting  signal  from  the  photocell  triggered  the 
scope.  This  was  the  most  difficult  step  in  the  procedure.  Performed 
correctly,  this  adjustment  permits  the  load-time  wave  form  to  be  cap- 
tured on  film.  The  trigger  level  required  readjustment  for  different 
release  heights  of  the  bob  and  different  scope  sweep  speeds. 

Once  correct  trigger  level  adjustment  was  attained,  the  camera 
lens  was  opened  and  the  bob  raised  to  a given  height  and  released.  The 
operator  could  observe  the  scope  screen  through  a viewing  port  and  see 
that  the  load-time  wave  form  was  presented  within  the  lens  range  before 
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advancing  the  film.  The  bob  was  caught  by  the  operator  after  rebounding 
from  the  specimen  and  gently  returned  to  the  rest  position.  Light  oil 
(3-in-l)  was  applied  to  the  ball  before  each  impact,  as  well  as  in  the 
static  tests.  This  was  done  because  the  balls  as  used  in  the  gage  are 
coated  with  light  oil  (Appendix  B) . 

The  successful  prints  were  numbered  to  correlate  with  their 
respective  indentations  and  labeled  with  their  load  sensitivity  and 
sweep  speed,  then  coated  with  a preservative.  The  peak  loads  were 
scaled  and  recorded.  After  a number  of  load-time  photographs  were 
made,  the  specimens  with  numbered  indentations  were  moved  to  another 
area  where  the  indentations  were  measured  through  a 56X-8OX-I6OX 
binocular  microscope.  As  in  Brinell  hardness  testing  (Reference  17), 
the  indentation  diameters  were  measured  in  mutually  perpendicular 
directions.  These  lengths  were  averaged  and  multiplied  by  the  magnifi- 
cation factor  to  give  the  diamter  of  the  indentation  in  mm.  Any 
asymmetric  buildup  of  material  at  the  edge  of  the  indentation  or  elon- 
gation of  the  indentation  was  noted;  either  of  these  conditions  was 
interpreted  as  an  indication  of  an  oblique  impact  and  the  corresponding 
data  were  discarded. 

7.5  RESULTS  AND  CONCLUSIONS 

7.5.1  Results.  Dynamic  data  were  taken  on  7075-T6  and  606I-T6 
specimens  using  both  the  U5-  and  113-gram  bobs.  Use  of  both  bobs 
produced  two  different  inputs  with  distinct  rise  times.  Some  represen- 
tative pulses  are  shown  in  Figures  7 >12  and  7 -IS.  Peak  loads  and 
corresponding  indentation  diameters  are  listed  in  Tables  7.2  through 
7.6. 

Modes  around  50  kHz  (believed  longitudinal)  and  20  kHz  (believed 
transverse),  if  detected  at  all,  were  of  very  low  amplitude.  Measured 
conservatively,  the  maximum  amplitude  of  the  50-kHz  mode  at  the  peak 
was  less  than  1 percent  of  peak  load  in  the  worst  case.  With  the  115- 
gram  bob,  a mode  around  20  kHz  was  sometimes  detected.  This  mode, 
believed  to  be  transverse,  was  detected  only  after  loading  and  the 
maximum  amplitude  was  less  than  1/2  percent  of  peak  load.  In  addition 


to  predictions,  the  transverse  nature  of  the  20  kHz  mode  was  also 
suggested  by  comparison  of  output  waveforms  resulting  from  impacting 
the  bob  longitudinally  and  transversely  with  a hammer.  The  detection 
of  a transverse  mode  on  the  output  of  a load  sensor  designed  for  longi- 
tudinal measurements  is  not  surprising  when  it  is  recalled  that  the 
load  sensor  was  predicted  to  resonate  transversely  at  around  20  kHz. 

In  order  to  enhance  the  detection  of  higher  modes , an  Flndevco 
226!4A-20K-R  accelerometer  was  epoxied  to  the  rear  of  the  l45-gram  bob. 

The  presence  of  a 50-kHz  mode  is  readily  apparent  in  Figure  7-1^  on  the 
accelerometer  output  although  not  clearly  discernible  on  the  load 
sensor  output.  The  20-kHz  mode,  while  not  observed  on  the  accelerometer 
trace  during  loading,  was  seen  after  loading  in  a few  cases,  with  a 
very  low  amplitude.  The  location  of  the  seismic  mass  of  the  acceler- 
ometer was  eccentric  with  respect  to  the  axis  of  the  bob;  this  made 
possible  the  detection  of  a transverse  mode  by  the  accelerometer.  The 
accelerometer  data  were  also  used  as  a rough  check  on  the  strain  gage 
load  measurement.  The  amplitudes  of  the  two  outputs  are  compared  in 
Table  7.7- 

The  small  bump  at  the  start  of  the  pulse  and  the  rounding  of  the 
corner  at  the  end  were  more  noticeable  with  lower  peak  loads;  this  is 
demonstrated  by  comparing  Figures  7.13  and  7-1^  with  Figure  7.12. 

These  are  believed  to  be  due  to  flexural  behavior  of  the  aluminum 
specimen  resulting  from  a small  gap  between  it  and  the  reaction  mass  at 
the  beginning  and  end  of  the  pulse.  It  was  not  considered  practical  or 
necessary  to  clamp  the  specimens  in  such  a way  as  to  totally  avoid  it; 
indentations  in  a thin  specimen  tend  to  create  slight  outward  convexity. 
When  the  ball  was  impacted  directly  against  the  steel  reaction  mass, 
these  effects  were  not  observed  (Figure  7.15). 

Figure  7.l6,  a plot  of  peak  load  versus  indentation  diameter  for 
the  7075-T6  and  6o61-T6  alloys,  is  the  main  end  product  of  this  experi- 
ment. Each  point  from  static  tests  is  the  average  of  eight  nearly 
identical  loads  and  indentations,  while  each  dynamic  point  represents  a 
single  impact.  Examination  of  Figure  7.15  indicates  no  detectable 
difference  between  the  dynamic  and  static  data  for  the  7075-T6  alloy 
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and  only  a barely  detectable  difference  for  the  606I-T6.  These  findings 
are  very  similar  to  data  taken  with  the  dynamic  fluid  chamber  as  a 
loading  device  (Chapter  h) . Similarity  is  also  noted  between  these 
data  and  results  with  7075-T6  (References  29  and  UU ) and  60f)l-T6  (Ref- 
erences 29,  3^,  35,  and  UU)  in  uniaxial  stress  compression.  These 
results  are  also  consistent  with  certain  findings  of  Mok  (Reference  hO) . 
However,  these  data  do  not  resemble  the  findings  on  rate  effects  of 
606I-T6  alloy  in  uniaxial  stress  tension  (References  i^l,  k2,  and  i*3). 

Uncertainties  in  this  experiment  are  of  either  mechanical  or 
electrical  origin.  The  mechanical  uncertainties,  as  stated  previously, 
are  believed  to  be  less  than  2 percent  of  peak  indicated  load.  When 
undetected  oblique  impact  effects  are  included,  the  mechanical  uncer- 
tainties are  conservatively  estimated  at  5 percent.  Electrical  uncer- 
tainties are  estimated  at  5 percent.  This  figure  is  conservative, 
considering  the  quality  of  the  equipment  and  strain  gage  work  in  this 
experiment,  but  is  realistic  based  on  experience  in  performing  similar 
measurements.  Since  these  two  sources  of  uncertainty  are  independent, 
the  upper  limit  on  the  uncertainties  in  this  experiment  is  estimated  as 

''  {5%)‘~  + {5%)  , or  7%  of  the  peak  load,  or,  equivalently,  peak  stress 

indicated  by  the  Brinell  gage. 

7.^.2  Conclusions.  The  objectives  of  this  experiment  were  met  in 
that  the  devised  apparatus  di  object  the  a?.uminum  alloys  7075-T6  and 
606I-T6  to  load  pulses  with  0.1-  xo  0.2-msec  rise  times.  The  results 
of  this  experiment  indicate  that  measurements  with  the  Brinell  passive 
stress  gage  are  not  influenced  by  strain  rate  effects  with  rise  times 
and  diirations  down  to  0.1  and  0.2  msec.  The  upper  limit  on  experi- 
mental uncertainties  is  conservatively  estimated  at  7 percent. 

When  converted  to  pressure  and  indentation  diameter  produced  by 
the  2.38125-mm  balls  in  the  actual  Brinell  gage,  these  data  are  in 
excellent  agreement  with  data  obtained  in  the  fluid  chamber  (Chap- 
ter h) . This  indicates  that  static  single-ball  calibrations  are 
sufficient  for  all  static  or  dynamic  applications  to  rise  times  of 
0.1  msec  and  diirations  to  0.2  msec. 
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The  experiment  also  proved  the  validity  of  the  predicted  rise  and 
fall  times  of  the  load  pulses  and  consequently  of  the  calculated  stress- 
strain  curves  (Chapter  5)  on  which  these  predictions  were  based. 
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Table  7-2.  Static  6o61-T6  and  TOT5-T6  alloys. 


Test 

Number 

Mean  Load 
(N) 

Indentation 
Mean  Diameter  (mm) 

TOT5-T6  1 

2^76 

1.3250 

2 

2232 

1.2053 

3 

1789 

1.0821 

1* 

13^1 

0.9>+29 

5 

905 

0.7783 

6 

ItOUO 

1.6158 

T 

3382 

1.1+859 

6o61-T6  1 

229 

0.5287 

2 

U51 

O.72I+7 

3 

907 

1.0292 

h 

1810 

1.1+1+32 

NOTE:  Each  test  is  the  average  of  eight  nearly 
identical  loads  and  indentations. 
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Table  7.3.  T0T5-T6  alloy  - U5-grain  bob. 


Load  (N) 

Indentation  Diameter  (iran) 

1299 

0.9251 

1286 

0.9222 

lUlO 

0.9599 

1379 

0.9*+5*+ 

1392 

0.9>+83 

1303 

0.9106 

1837 

1.0672 

1873 

I.090U 

1779 

1.0672 

1873 

1.1020 

2135 

1.1716 

2193 

1.2006 

1997 

1.1310 

202U 

1.15!+2 

21U1+ 

1.1861 

2162 

1.1832 

262U 

1.3137 

2513 

1.2760 

25UU 

1.2818 

2527 

1.2702 

266U 

1.3282 

3020 

I.U065 

29  5h 

1.3978 

2976 

1.3891 

2691 

I.3U56 

3238 

I.U529 

3U7O 

1.5283 

2633 

1.3253 

3327 

I.U819 

319it 

I.U6U5 

3532 

1,5>+28 

3688 

1.5805 

3759 

1.5515 

3750 

1.5*+28 

3799 

1.5834 

U191 

1.6356 

3671+ 

1.5312 

3737 

1.5689 

Table  7.5.  606I-T6  alloy  - U5-gram  bob. 


Load  (N) 

Indentation  Diameter  (mm) 

525 

0.789 

1036 

1.061 

1192 

I.I3I* 

1326 

1.209 

ITOU 

1.372 

1855 

1. 1*1*1 

1788 

1.398 

21UU 

1.537 

2086 

1.531* 

2237 

1.572 

2220 

1.560 

I3U3 

1.218 

1330 

1.212 

113h 

1.122 

770 

0.919 

663 

0.870 

712 

0.887 

730 

0.896 

836 

0.971* 

836 

0.957 

2U9 

0.537 

21*9 

0.51*8 

280 

0.568 

289 

0.589 

325 

0.600 

1*1*0 

0.705 

37 

0.61*8 

525 

0:786 

1*89 

0.71*5 

Table  7.6. 

606I-T6  alloy  - 113-grara  bob. 

Load  (n) 

indentation  Diameter  (mm) 

836 

0.963 

1161 

I.I5I* 

131*8 

1.206 

1290 

1.218 

1277 

1.192 

1223 

1.163 

1570 

1.322 

1793 

1.1*30 
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Table  T.T. 

Simultaneous 
load  sensor 

accelerometer 
loads . 

and 

Acceleration 

(g) 

F (N) 

acc 

’'l.s. 

Diff.  {%) 

1815 

956 

956 

0 

1980 

10lt5 

105it 

-1 

2Ut5 

1303 

129*+ 

+1 

20U6 

1081 

1005 

+7 

2871 

1517 

1535 

-1 

2013 

1063 

1059 

0 

2607 

1379 

1357 

+2 

1703 

899 

956 

-6 

2132 

1125 

1099 

+3 

2871 

1512 

1535 

-1 

2325 

1228 

113*+ 

+8 

2859 

1508 

1370 

+9 

3950 

2086 

1766 

+15 

2686 

1419 

1312 

+8 

3950 

2086 

1859 

+11 

NOTE;  F = Peak  force  calculated  from  the  peak 
acceleration  and  the  total  mass 
(53.8  grams). 


g = Peak  load  as  read  from  load  sensor 
output . 

F -F 

Difference  (f»)  = x 100. 

F 

acc 
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igure  (•3.  Schematic  of  strain  gage  locations  and  circui 
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Figure  7.6.  Schematic  of  experimental  apparatus. 


X 100  T +12V 


7. 9*  Frequency  response  plot  of  signal  conditioner-amplifier. 


STRAIN  GAGE  LOCATION 


Figure  7.10.  Reaction  mass,  sensor,  13013,  and  model  of  the  part 
of  the  system  between  the  strain  gage  center  line 
and  the  indentation. 
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Figure  T.ll.  Load  sensor  mounted  in  U^-gram  bob  and  113-gram  bob. 
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Figure  7.15.  45-gram  bob,  with  the  ball 

impacting  the  steel  reaction  mass. 
Peak  load  is  approximately  2000  N. 
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A 


PEAK  LOAD,  NEWTONS 


IMPRESSION  DIAMETER,  mm 

Figure  T-l6.  Peak  load  versus  impression  diameter  from  static  and 
dynamic  tests  with  a single  2.5-mm  ball.  Each  point 
from  static  tests  is  based  on  eight  nearly  identical 
loads  and  indentations. 


CHAPTER  8 


SUMMARY  OF  PERFORMANCE  CHARACTERISTICS 

The  performance  characteristics  of  the  two  versions  of  the  Brinell 
Sandwich  soil  stress  gage  are  summarized  in  Table  8.1.  The  combination 
of  high  stiffness,  flat  geometry,  absence  of  rate  effects  over  a wide 
range  of  pulses,  and  good  resolution  over  a sensing  range  of  more  than 
a factor  of  100  makes  it  possible  to  obtain  peak  stress  data  competi- 
tive in  quality  with  data  from  active  gages  in  both  free-field  and  on- 
structure  applications  in  a wide  variety  of  earth  media. 

The  tabulated  upper  limits  on  the  effect  of  shear  do  not  include 
effects  on  the  impressions  due  to  the  balls  rolling  slightly.  Although 
significant  differences  between  stresses  indicated  by  impressions  that 
were  slightly  out  of  round  and  stresses  from  other  recovered  gages 
believed  to  have  been  subjected  to  roughly  the  same  normal  stress  have 
not  been  noticed,  a laboratory  investigation,  perhaps  statically  with  a 
single  ball,  would  give  a more  definite  indication. 

The  unique  possibility  of  diagnosing  the  effects  of  imperfect 
placement  and  recovery  (by  means  of  examining  the  distribution  of 
impression  sizes)  is  another  important  feature. 


Table  8.1. 


Summary  of  chaxacteristics  of  Brinell  Sandwich  soil 
stress  gages,  with  one  insert  of  70T5-T6,  the  other  of 
6o61-T6  alvuninum. 


Feature 

Balls  Closely 
Packed,  20.305/cm^ 

3.875  Balls 

2 

Per  cm 

Determination 

Method 

Range  lower  limit 

U MPa  (=600  psi) 

0.67  MPa 
( =100  psi ) 

Experiment 

Range  upper  limit 

_>U70  MPa 

>100  MPa 
<180  MPa 

Experiment 

Stiffness  modulus 
at  center 

=7500  MPa 
(=1100000  psi) 

=11*00  MPa 
(=200000  psi) 

Calculation 

Response  time  to 
a step  function 

=15  MS 

“35  MS 

Calculation 

Strain  rate 
effects 

No  influence  on  measurements 
with  pulses  ranging  from  static 
to  half-sine  with  0.1  ms  rise 

Experiment 

Error  band  over 
most  of  range, 

=95^  conf.  level* 

of  reading 

^10%  of  reading  with  shear  plus 
multiple  peaks  in  normal  stress 

Experiment 

Acceleration 

sensitivity 

=0.1  kPa/g  (=0.015  psi/g) 
in  soil  of  1.7  gm/cc  density 

Calculation 

Upper  limit  on 
effects  of  extreme 
lateral  stresses** 

15^  of  reading 

Not  rec'd.  with 
extreme  lateral 
str.  (see  Ch.  5) 

Calculation 

Upper  limit  on 
effects  of  shear 
when  shear  stress 
= normal  stress** 

10^  of  reading 

22%  of  reading 

Calculation 

*This  is  a measure  of  resolution  and  does  not  include  uncertainties 
due  to  ignorance  of  the  registration  ratio  in  the  medium,  etc. 


**These  are  for  on-structure  applications.  The  upper  limits  on  the 
effect  of  shear  do  not  include  effects  on  the  impressions  due  to 
the  ball  rolling  slightly. 
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APPENDIX  A 


DRAWINGS  AND  SPECIFICATIONS  FOR  THE  GAGE  PARTS 

A.l  GAGE  BODY  PARTS 

Detailed  drawings  for  the  gage  body  parts,  gage  bowl,  piston 
plate,  and  retainer  ring  are  given  in  Figures  A.l,  A. 2,  and  A. 3, 
respectively.  The  inside  surfaces  of  the  gage  bowl  and  piston  plate 
are  specified  flat-to-convex  with  a close  tolerance  (Figures  A.l  and 
A. 2)  in  order  to  provide  for  snug  assembly  in  the  prime  sensing  area  at 
the  gage  center.  A flatness  inspection  facility  of  the  sort  illus- 
trated in  Figure  A. 4 is  required.  Some  experimenting  on  the  first 
piece  is  necessary  to  attain  the  required  flatness.  A lathe  that  will 
cut  a concave  surface  on  a normal  face  cut  can  be  made  to  cut  a convex 
surface  by  running  it  in  reverse,  with  the  cutting  tool  working  on  the 
far  side  of  the  lathe  center  line.  Altering  the  feed  direction  can 
also  change  the  convexity  or  concavity  of  the  resulting  surface. 

Making  a very  thin  final  cut  on  a piece  cooled  to  room  temperature  (one 
that  had  been  rough-cut  previously)  and  keeping  a stream  of  cutting 
fluid  on  the  surface  minimizes  effects  due  to  heating. 

The  gage  body  parts  (Figures  A.l,  A. 2,  and  A. 3)  are  normally 
plated  with  electroless  nickel;  bare  aluminum  surfaces  are  satisfactory 
only  if  they  will  never  be  exposed  to  wet  grout  or  concrete  mix. 

Rather  than  attempt  to  mask  the  interior  surfaces  of  the  gage  bowl  and 
piston  plate,  it  has  been  proven  convenient  to  plate  the  entire  piece. 
The  uniformity  of  electroless  nickel  is  such  that  maintenance  of  the 
flatness  tolerances  on  the  inner  siirfaces  presents  no  special  problems. 
As  noted  in  Figures  A.l,  A. 2,  and  A. 3,  all  dimensions  on  these  drawings 
apply  to  the  finished  pieces,  and  appropriate  allowances  must  be  made 
for  the  net  buildup  in  the  plating  process  while  machining  these  parts. 
Electroless  nickel  plating  with  a net  buildup  of  approximately  0.0005 
inch  per  surface  has  given  adequate  protection. 
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A. 2 SPACER  (FOR  LOWER-RANGED  VERSION  ONLY) 

The  drawing  of  the  spacer  for  3-875  Lalls  per  square  centimetre 
(25  per  square  inch)  is  given  in  Figure  A. 5- 

A. 3 INSERTS 

The  specifications  for  the  inserts  are  outlined  as  follows. 

A. 3.1  Material.  0. 063-inch-thick  70T5-T6  aluminum  flat  sheet  and 
0.063-inch-thick  606I-T6  aluminum  flat  (not  coiled)  sheet.  The  material 
must  he  "bare"  7075-T6  and  606I-T6;  "Alclad"  sheets  must  be  avoided. 

All  the  inserts  for  a given  project  should  be  made  from  the  same  respec- 
tive sheets  of  material.  Some  material  from  these  sheets  must  be  saved 
for  calibration  pur^ioses;  the  calibration  procedure  is  given  in  Appen- 
dix C.  Any  leftover  material  from  these  sheets  should  be  saved  so  that 
the  same  calibration  can  also  be  used  on  a future  project.  The  7075-T6 
and  606I-T6  inserts  must  not  be  mixed.  One  way  of  avoiding  this  is  to 
identify  each  sheet  with  layout  dye  of  a different  color. 

A. 3. 2 Diameter.  2.860  j^O.005  inch.  Edges  must  be  deburred.  On 
the  7075-T6  inserts,  one  edge  must  be  broken  1/6^+  inch  minimiun.  The 
diameter  may  be  turned  in  a lathe  with  disks  clamped  between  the 
headstock  and  a live  center  in  the  tailstock. 

A. 3. 3 Surface  Finish.  The  mill  finish  of  the  aliuniniun  sheets  is 
adequate,  but  scratching  during  handling  and  fabrication  must  be 
minimized. 

A.3-h  Flatness.  The  flatness  of  the  inserts  should  be  such  that 
the  measured  thickness  of  the  assembled  gage  at  the  center  minus  the 
sum  of  the  measured  thicknesses  of  the  parts  does  not  exceed  0.0012 
inch-,  the  assembly  procedure  is  given  in  Appendix  B.  Good  results  have 
been  obtained  with  the  as-milled  flatness  of  the  material,  provided 
that  care  is  taken  not  to  bend  it  during  fabrication  of  the  inserts. 

For  example,  it  has  been  found  that  material  closer  than  2 inches  to  a 
sheet  edge,  or  to  any  shear-cut  edge  should  be  discarded.  Rough- 
cutting with  a band  saw  having  a 10-pitch  blade  or  finer  has  been  found 
satisfactory  provided  that  the  sheet  is  supported  underneath  right  next 
to  the  saw  blade  by  a plate  with  a slot  as  narrow  as  the  saw  blade. 


84 


Half-inch-thick  micarta  has  been  found  satisfactory  for  the  support 
plate . 

A.f*  STEEL  BALLS 


Specifications  for  the  steel  balls  used  in  the  gage  are  as  follows. 

1.  Material  Chrome  alloy  steel,  minimum  hardness  62  Rockwell  C. 

2.  Diameter . 3/32  inch. 

3.  Diametral  Tolerance.  SAE  grade  25.  Never  mix  steel  balls 
from  different  containers.  Diametral  tolerances  are  much  looser  for 
balls  out  of  different  lots  than  for  balls  out  of  the  same  container. 
Significant  differences  in  the  size  of  the  balls  within  a given  gage 
would  result  in  the  larger  balls  making  significantly  larger  impressions 
than  the  rest. 

A. 5 0-RINGS 

»♦ 

Specifications  for  the  0-rings  are  as  follows. 

1 .  Parker  Size  Number.  2-039 • 


A. 6 SCREWS 

Specifications  for  the  screws  £ire  as  follows. 

1.  Material.  Stainless  steel. 

2.  Head  Type.  Slotted  pan  head. 

3.  Size . No.  6-32,  1/U  inch  long. 


PASSIVE  STRESS  GAGE,  PISTON  PLATE 
MATERIAL  7075-T651  ALUMINUM 
ALL  DIMENSIONS  ARE  IN  INCHES 

ALL  DIMENSIONS  APPLY  TO  THE  FINISHED  PIECE 
appropriate  ALLOWANCE  MUST  BE  MADE  FOR 
THE  NET  BUILDUP  IN  ELECTROLESS  NICKEL 
PLATING  WHEN  MACHINING 


Figure  A. 2.  Piston  plate 


NOTES  DISHING  UP  TO  0.030 
IS  PERMITTED 

PASSIVE  STRESS  GAGE,  RETAINER  RING 
MATERIAL  7075-T651  ALUMINUM 
ALL  0‘MENSI0NS  ARE  IN  INCHES 

ALL  DIMENSIONS  APPLY  TO  THE  FINISHED  PIECE 
appropriate  allowance  MUST  BE  MADE  POR 
THE  NET  BUILDUP  IN  ELECTROLESS  NICKEL 
PLATING  WHEN  MACHINING 


Figure  A. 3.  Retainer  ring. 
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NO.  4/  DRiLL  THROUGH 
161  HOLES  TOTAL. 

0.200  ±0.005  BETWEEN  CENTERS 
UNLESS  OTHERWISE  INDICATED. 
TOLERANCE  ON  CENTERING  OF 
HOLE  ARRAY:  ±0.010 
HOLE  EDGES  NOJ  TO  BE  CHAMFERED 
MAY  DEBURR  BY  FLAT  SANDING. 
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0 0^0  0 0 00 


1 0 1 

1.320 

0.950 

±0.010 

^ ±0.010 

+0.000 
2.873  _Q_QQj 


0.950 

tO.010 


. 0.050 
NOMINAL 


SPACER  FOR  25  BALLS/SQ  IN. 

IN  PASSIVE  STRESS  GAGE 
MATERIAL:  ALUMINUM  (ALLOY  NOT  CRITICAL) 
ALL  DIMENSION  ARE  IN  INCHES 


Figure  A. 5.  Spacer  for  3.875  balls  per 

square  centimeter  (25  per  square  inch). 
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.-iPP^NDIX  B 


ASSEMBLY  PROCEDURE 


B.l  TOOLS  AND  EQUIPMENT 

The  tools  and  equipment  necessary  for  gage  assembly  are  as  follows 

1.  Nijmbering  tool  for  gage  parts: 

a.  Electric  pencil,  or 

b.  Scratch  marker. 

2.  Abrasive  cloth.  No.  320  Grit. 

3.  Paper  towels  or  tissues  (lint  free). 

U.  Cleaning  Solvents: 

a.  Freon  113. 

b.  Acetone. 

5.  Micrometer,  deep-throated,  1 inch  capacity,  measures  to 
0.0001  inch. 

6.  Micrometer  holder  (stand). 

7.  Screwdriver. 

8.  Tweezers  (anti-magnetic). 

9.  Teaspoon  (a  long-handled  small-bowled  baby  spoon  is  best). 

10.  Wooden  dowels,  3 mm  (1/8  inch)  diameter. 

11.  Lubricant  for  0-ring:  Dow  Corning  103  Compound. 

12.  Good  rigid  straight-edge,  minimum  length  10  cm  (^4  inches). 

13.  Sharp  pointed  tool,  such  as  a divider  point  (used  for  removal 
of  0-ring) . 

lU.  Suction  cup,  5 to  6 cm  (2  to  2-1/2  inch)  diameter. 

15.  Cloth  adhesive  tape. 

16.  Assembly  ring  (see  Figure  B.l). 

17.  Piece  of  hard  wood,  approximately  0.5  x 1.3  x 10  cm 
(3/i6  X 1/2  X U inches). 

B.2  PREPARING  THE  GAGE  PARTS 

The  first  step  in  assembly  of  the  Brinell  Sandwich  soil  stress 
gage  is  the  preparation  of  the  individual  parts.  The  care  taken  in 
this  step  could  make  the  difference  as  to  whether  the  gage  meets  the 
tolerance  for  a tight  assembly. 
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! The  inserts  used  in  the  gage  may  have  layout  dye  on  them  which  is 

' used  during  the  cutting  process.  Since  the  layout  dye  may  encapsulate 

> chips  or  pieces  of  dirt,  it  should  be  removed.  This  can  be  done  easily 

by  washing  in  acetone.  Since  the  dye  was  used  to  color  code  the 
I inserts,  the  7075  and  6o6l  inserts  should  not  be  mixed. 

After  the  dye  has  been  removed,  all  parts  (except  the  balls) 
should  be  washed  in  a degreaser.  Freon  113  was  found  very  effective 
for  this.  In  most  cases  the  parts  will  dry  in  a few  seconds  and  will 
not  have  to  be  wiped. 

After  the  parts  have  been  cleaned,  a gage  bowl,  piston  plate, 
retainer  ring,  and  two  inserts  should  be  selected  for  assembly.  The 
inserts  should  now  be  numbered  and  marked  for  orientation.  This  is 
done  by  marking  a small  arrow  and  the  gage  number  at  the  edge  of  the 
inserts  (Figure  B-2).  If  possible  reuse  of  the  gage  body  is  antici- 
pated, or  if  the  gage  body  has  been  used  previously,  a dash  nxunber 
should  be  added  to  the  gage  number  on  the  inserts,  in  order  to  later 
distinguish  between  different  sets  of  inserts  which  have  been  in  the 
same  gage.  The  alloy  number,  7075  or  6o6l,  may  also  be  marked  on  the 
respective  inserts.  On  the  7075-T6  inserts,  (which  will  be  on  the 
bottom) , the  arrow  and  niomber  must  be  on  the  side  with  the  beveled 
edge.  An  orientation  marker,  arrow  or  notch,  and  gage  number  are  also 
required  on  the  edge  of  the  gage  bowl.  The  orientation  mark  should 
have  been  made  before  plating  with  electroless  nickel,  but  it  may  not 
always  be  practical  to  number  the  gage  before  nickeling.  Scratch- 
marking an  already  nickeled  gage  is  not  recommended;  rather,  a small 
' piece  of  cloth  adhesive  tape  may  be  put  on  the  edge  of  the  gage  bowl 

and  the  gage  number  written  on  it  with  a bail-point  pen. 

Any  burrs  left  on  the  inserts  by  the  numbering  process  should  be 
removed  with  320  grit  abrasive  cloth.  Do  not  sand  a larger  area  than 
needed. 

Measure  the  thickness  at  the  center  of  each  part  with  a deep- 
throat  micrometer,  to  0.0001  inch  accuracy.  Record  this  on  the  data 
sheet  for  the  gage.  Total  these  four  measurements  and  the  diameter  of 
the  balls  (0.0938  inch).  The  gage  is  now  ready  to  be  assembled. 
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B.3  ASSmBLY 


Place  the  Rape  howl  on  a flat  surface  with  the  orientation  mark 
toward  you.  Take  the  7075-T6  insert  and  put  a pencil  mark  on  the  ed^e 
to  corresjiond  with  the  arrow  on  the  insert.  Place  the  insert  in  the 
Rage  bowl  with  the  arrow  side  down  and  the  pencil  mark  lined  up  with 
the  orientation  mark  on  the  gage  bowl.  The  gage  is  now  ready  for  the 
steel  ball  array. 

Never  mix  steel  balls  from  different  containers.  Dimensional 
tolerances  are  much  looser  for  balls  out  of  different  lots  than  for 
balls  out  of  the  same  container.  Significant  differences  in  the  size 
of  the  balls  within  a given  gage  would  result  in  the  larger  balls 
making  significantly  larger  impressions  than  the  rest. 

In  the  event  that  the  steel  balls  have  not  been  oiled  by  the 
supplier,  it  is  recommended  that  a small  amount  of  light  oil  (such  as 
3-in-l)  be  introduced  into  the  container  as  soon  as  the  seal  is  broken. 
This  helps  prevent  rust  during  storage,  and  also  from  possible  sealed- 
in  moisture  inside  an  assembled  gage. 

If  the  gage  is  to  be  a lower-ranged  version,  place  the  0.050-inch- 
thick  spacer  plate  (Figure  A. 5)  in  the  gage  bowl  such  that  the  array  is 
lined  up  with  the  orientation  mark,  and  fill  each  hole  with  a steel 
ball. 

If  the  gage  is  to  be  high-ranged,  no  spacer  plate  is  used.  The 
balls  are  placed  in  the  gage  bowl  closely  packed,  forming  a plane 
hexagonal  array  except  at  the  edge  (Figure  B.3)"  Approximately  800 
balls  per  gage  are  required.  However,  the  precise  number  needed  to 
make  a tight  array  will  not  be  the  same  from  one  gage  to  the  next.  It 
is  best  to  start  with  fewer  balls  than  are  required,  crowd  them  into  a 
hexagonal  array  at  the  center,  and  add  balls  around  the  edge  as  needed. 
Wooden  dowels,  with  tips  cut  into  chisel-shaped  points,  are  handy  in 
moving  the  balls  around  within  the  gage  bowl.  Placing  a finger  on  the 
array  and  feeling  for  lateral  movement  is  a good  test  of  compaction. 

If  it  feels  too  loose,  see  if  one  or  two  more  balls  can  be  added  at  the 
edge;  experience  will  form  a guide  in  this  respect.  A good  experienced 
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assembler  can  complete  an  array  in  approximately  15  minutes.  Many  of 
the  details  in  making  a closely  packed  array  are  much  easier  to  demon- 
strate than  to  describe,  and  instruction  from  an  experienced  assembler 
is  highly  recommended. 

Once  the  ball  array  is  satisfactory  the  6o61-T6  insert  is  placed 
in  the  gage  bowl.  The  arrow  side  is  up  and  matched  to  the  arrow  on  the 
bowl.  Before  placing  the  piston  plate  in  the  bowl,  the  assembly  ring 
shown  in  Figure  B.l  should  be  centered  and  attached  to  the  bowl  with 
four  screws. 

The  assembly  ring  can  be  centered  easily  by  placing  two  spacers 
(Figure  A. 5)  and  the  piston  plate  in  the  bowl  on  top  of  the  606I-T6 
insert.  This  will  hold  the  piston  plate  high  enough  that  the  ring  will 
be  centered  around  the  piston  plate.  If  spacer  plates  are  not  avail- 
able, anything  0.1  inch  thick  that  can  be  easily  removed  from  the  bowl 
may  be  used. 

After  the  assembly  ring  is  centered  and  attached,  the  spacers  can 
be  removed.  Recheck  the  606I-T6  insert  orientation.  Place  the  piston 
plate  in  the  bowl.  Do  not  allow  the  piston  plate  to  rotate  or  the 
orientation  will  be  affected. 

The  0-ring  must  be  lightly  lubricated.  Dow  Corning  103  Compound 
(a  white  silicone  grease)  has  been  found  satisfactory  in  helping  the 
0-ring  to  slide  properly  into  its  groove,  and  is  more  resistant  to 
chemical  attack  by  substances  in  the  groundwater  and/or  grout  than  many 
other  lubricants.  The  0-ring  should  be  placed  on  the  groove  between 
the  piston  plate  and  the  assembly  ring. 

The  0-ring  is  forced  into  the  groove  by  using  a piece  of  hardwood 
approximately  1/2  x 3/l6  inches  and  inches  or  more  long.  One  end 
should  be  trimmed  to  the  shape  of  the  0-ring  groove  and  1 cm  (O.U  inch) 
width,  with  slightly  rounded  corners.  The  other  end  can  be  placed  in  a 
file  handle  to  make  it  easier  to  hold. 

In  order  to  make  sure  that  the  0-ring  goes  down  evenly,  it  should 
be  forced  into  the  groove  using  the  following  sequence.  Always  working 
at  diametrically  opposite  points,  divide  the  0-ring  into  halves, 
quarters,  eights,  sixteenths,  etc.  until  the  0-ring  is  in  the  groove 
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.•ill  the  way  around.  The  sequence  Is  illustrated  in  Figure  li.l*.  After 
this  is  accomplished,  the  assembly  ring  can  be  removed. 

The  jjarting  operation  in  machining  tlie  retainer  ring  may  result  in  J 

a slightly  bent  cross  section,  exaggerated  in  Figure  li.'j.  This  may  be 
checked  with  a straight-edge,  as  shown  in  Figure  B.J;.  fJuch  a retainer 
ring  should  be  placed  concave  side  downward.  A screw  is  st<arted  in 

( 

eacii  of  the  12  holes  and  tightened. 

Measure  the  thickness  at  the  center  of  the  gage  with  a deep-throat 
micrometer,  to  0.0001  inch  accuracy.  Record  this  on  the  data  sheet  for 
the  particular  gage.  Take  the  difference  between  your  reading  and  the  J 

sum  of  the  thicknesses  of  the  parts.  This  difference  must  not  exceed 
0.0012  inch. 

B.k  DISAOGfMRLi'  AND  TROUDLRGNOOTING 


Wiien  removing  the  retainer  ring,  first  loosen  e.ach  screw  by  a 
quarter  turn  before  backing  them  all  the  way  out. 

It  is  essential  to  avoid  scratching  or  damaging,  the  metal  sealing, 
surfaces  in  any  way  during  0-ring  removal.  This  is  ensured  by  the 
procedure  described  here:  Insert  a sharp  pointed  tool  (a  divider  point 
or  compass  point  is  excellent  for  this  purpose)  tangentially  into  the 
0-ring  (see  Figure  B.6),  but  do  not  push  the  point  all  the  way  through 
the  0-rlng,  and  do  not  allow  the  divider  point  to  touch  any  of  the 
metal  surfaces.  Glowly  pull  the  divider  point  directly  upward.  The 
0-ring  will  pull  out  slowly,  especially  at  first.  Yanking  or  excessive 
force  may  break  the  divider  point;  steady  force  works  best.  As  soon  as 
approximately  one-half  inch  of  the  0-ring  is  out  of  its  groove,  it  may 
be  grabbed  with  the  fingers  of  the  other  hand.  Once  this  is  done,  take 
out  the  divider  point,  and  with  a finger  at  or  near  the  center  of  the 
piston  plate  (to  prevent  it  from  slipping  up  or  rotating)  pull  the 
0-ring  entirely  free  from  its  groove.  Discard  the  old  0-ring. 

A clean  piston  plate  may  usually  be  removed  with  a suction  cup, 
without  turning  the  gage  upside  down.  In  case  of  an  especially  close 
fit,  or  in  case  excess  lubricant  or  oil  from  the  steel  balls  has  formed 
a seal  in  the  radial  clearance,  a Jet  of  compressed  air  aimed  at 
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several  points  around  the  i)iGton  plate  perimeter  will  suiTiee.  The 
tojmost  insert  may  also  be  removed  with  a suction  cup,  thouf'h  a jiioce 
of  adhesive  tape  is  usually  just  as  effective  here.  Occasionally 
excess  oil  from  the  steel  balls  may  make  the  bottom  insert  stick  to  the 
f'Af'G  bowl  bottom;  it  ean  be  shaken  loose  by  turning  the  gage  upside 
down  and  hitting  it  against  a wooden  board.  Never  use  a pointed  metal 
tool  or  screwdriver  to  pry  out  gage  parts. 

Recovered  gages  which  have  been  severely  deformed  in  the  afjpJica- 
tion  event  may  have  to  be  cut  apart  on  a lathe;  it  is  advisable  to 
jjosition  a flat  block  on  a live  center  gently  in  eontact  with  the  open 
face  during  cutting. 

Gome  reasons  why  a gage  may  have  exceeded  the  assembly  axial 
tightness  tolerance  of  O.OOIP  inch  are  the  following:  a chip  or  pieee 
of  dirt  between  an  insert  and  a gage  body  faee  (eheek  for  this  during 
disassembly  after  the  attempt),  excessively  bent  or  dished  inserts  for 
which  the  force  exerted  by  the  0-ring  is  insufficient  to  squeeze  them 
flat  inside  the  gage,  or  too  many  balls  in  a elosely  paeked  array.  In 
the  latter  event,  the  tightness  tolerance  is  usually  exceeded  by 
several  thousandths  of  an  inch.  If  excessively  bent  inserts  are  sus- 
peeted,  check  this  by  positioning  the  insert  against  a good  rigid 
straight-edge  in  several  directions,  compare  with  other  inserts,  and 
try  a flatter  sot.  If  all  else  fails,  eheek  if  the  gage  body  part 
dimensions  meet  specifications.  For  example,  excessive  bowl  depth  will 
diminish  the  force  exerted  by  the  0-ring,  by  inereasing  the  groove 
volvune . 

B.5  INCREASE  IN  ALTITUDE  AND  RESEALING 

Gages  which  have  been  assembled  at  low  altitude  will  eontain  a 
positive  internal  "gage"  pressure  when  brought  to  a higher  altitude. 

For  example,  an  altitude  change  from  near  sea  level  to  I9OO  m 
(6,200  feet)  will  result  in  an  internal  "gage"  pressure  of  approximately 
20  kPa  (3  pounds  per  square  inch).  Tests  have  shown  that  this  can  be 
sufficient  to  expand  the  assembled  gage  thickness  (measured  with  a 
deep-throat  micrometer  at  the  center)  by  as  much  as  O.OOI6  inch.  In 
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Llu'  f'veiit,  that  the  aLtitudi?  at  the  ri(>]d  test  site  is  oi('ni  fi caiitly 
hi('her  than  at  t,he  assembly  location,  the  asst'mbled  I'AI'/'  thickness 

siiould  1)0  rectieckcd  at  tlie  fiidlier  altitude.  IT  the  measured  {’;a/;;e 
Itiickness  now  e^tceods  tiie  suin  of  tiie  measured  thicknesses  of  the  j)arts 
(recoi'ded  on  the  assembly  data  siieet)  by  more  than  0.001?  incii,  the 
intern;iL  pressure  siiould  be  relieved  by  reinovin/;  and  replucinf);  the 
O-rinp;  accord inp  to  the  foregoing  procedures.  In  order  to  preserve 
axlmuttial  orientation  of  internal  parts,  the  piston  T>l^be  must  not  tie 
rotated  witii  respect  to  the  I'ai'.o  bowl.  ‘J’o  check  on  this,  make  a 
jiencil  mark  on  tiie  jiiston  plate  corresponding  to  the  arrow  on  l.he  gage 
bowl  lie  fore  removiii)';  tiie  O-rinc;. 
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Figure  B.2.  Numbering  and  marking  of 
inserts  and  gage  bowl. 
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Figure  B.3.  Closely  packed  array  of  steel  balls. 
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Figure  B.5 


Cross-sectional  view  of  retainer  ring; 
nonflatness  greatly  exaggerated. 


APPENDIX  C 


CALIBRATION  I'ROCEDUHE 


C . 1 BALI,  HOLDER 

Tho  ball  in  most  conveniently  held  in  a ball  holder  dosinned  for 
Rockwell  or  Brinell  hardness  testing.  Such  fixtures  are  available  for 
? . L-min  balls  . 

C.r’  SPECIMENS 

The  70T5-T6  and  6O6I-T6  specimens  to  be  calibrated  should  prefer- 
ably be  out  from  their  respective  sheets  on  a band-saw  having  a 10- 
pitch  blade,  or  finer.  The  work  should  be  suj)port ed  underneath  by  a 
plate  with  a slot  as  narrow  as  the  saw  blade.  If  shear  cutting  was 
used,  then  impressions  should  not  be  made  closer  than  cm  (P  inches) 
to  a shear  cut  edge;  this  is  in  order  to  avoid  the  effects  of  possible 
work  hardening  duo  to  a slight  bend  at  a sheared  edge.  The  edges 
should  be  deburred  so  that  the  specimens  may  rest  flat  upon  the  anvil. 

C.3  ANVIL 

The  anvil  should  be  of  a material  at  least  as  hard  as  the  aluminum 
specimens  and  should  have  a flat  machined  surface  with  ABA  32  finish 
(3?  microinch  roughness)  or  better.  Any  protuberance  (such  as  sometimes 
occurs  at  the  center  of  a lathe-cut  surface)  or  indent  must  be  avoided, 
especially  at  the  location  under  the  ball.  The  ball  should  not  be 
allowed  to  touch  the  anvil.  If  this  should  occur,  the  anvil  should  be 
carefully  examined  for  damage,  and  the  ball  should  be  replaced. 

C . It  LOAD  CELLS 

Loads  ranging  from  20  N (4.5  lbs)  to  3000  N (675  lbs)  on  a 2.5-mm 
ball  would  cover  the  sensing  range  of  the  gage.  In  order  to  maintain 
adequate  precision,  the  use  of  load  cells  of  at  least  two  different 
rated  ranges  is  recommended;  for  example,  I1UU8-N  (lOOO-lb)  and  I4I45-N 
(lOO-lb)  capacities  would  usually  be  sufficient. 
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C.5  METHOD  OF  LOAD  APPLICATION 


Since  the  size  of  the  indentation  is  determined  by  the  maximum 
(peak)  load,  the  load  application  and  recording  method  must  be  such 
that  the  actual  maximum  load  on  the  ball  can  be  accurately  recorded. 

For  example,  when  using  a digital  voltmeter  to  read  the  load  cell 
output,  any  spurious  highs  in  the  applied  load  must  be  avoided.  This 
can  be  accomplished  by  the  careful  use  of  a suitable  hydraulic  system 
for  applying  the  load.  By  contrast,  stacking  weights  by  hand  would 
probably  result  in  impact  loads  that  may  go  unrecorded,  or  be 
Inaccurately  recorded. 

C.6  NUMBER  AND  SPACING  OF  LOADS 

The  total  n;imber  and  spacing  of  loads  clearly  depends  on  the 
precision  desired  as  well  as  the  range  of  primary  interest.  It  must  be 
kept  in  mind  that  a gage  reading  is  based  on  an  average  of  five  impres- 
sions. For  example,  for  most  purposes  the  sensing  range  would  be 
adequately  covered  by  the  equivalent  of  Uo  gage  reading's  (one  every 
factor  of  1.13);  this  would  correspond  to  200  individual  impressions  in 
each  alloy.  Because  the  TOT5-T6  insert  is  the  primary  indicator  in  the 
actual  use  of  the  gage  except  near  the  low  end  of  the  sensing  range,  it 
is  recommended  that  the  number  and  spacing  of  loads  be  divided 
accordingly. 

C.T  NUMBERING  IMPRESSIONS  AND  RECORDING  LOADS 

Because  the  balls  as  used  in  the  gage  are  coated  with  light  oil 
(Appendix  B),  light  oil  (such  as  3-in-l)  should  be  applied  to  the 
specimen  before  making  the  Impressions.  The  impressions  should  be 
spaced  a minimum  distance  of  0,5  cm  (0.2  inch)  apart.  Each  individual 
impression  must  be  numbered  and  the  corresponding  msiximum  load  recorded. 

C.8  MEASURING  IMPRESSION  DIAMETERS 

Diameters  of  the  Impressions  from  these  calibrations  should  be 
measured  in  mutually  perpendicular  directions  with  a binocular  micro- 
scope calibrated  with  a stage  micrometer;  nominal  magnifications  of 
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l60X,  Sox,  and  56X  provide  an  adequate  range.  The  average  of  the 
mutually  perpendicular  measurements  is  taken  as  the  diameter  of  each 
individual  impression. 

C.9  SCALING  AND  CONVERTING  TO  EQUIVALENT  PEAK  PRESSURE 

C.9.1  Loads.  All  loads  must  be  scaled  by  multiplying  by  the 
. square  of  the  ratio  of  the  ball  diameter  in  the  gage  to  the  ball 
diameter  in  the  calibration,  i.e.,  by 

/2. 38129  \ ^ 

\ 2.5  ) 

C.9. 2 Impression  Diameters.  All  impression  diameters  must  be 
scaled  by  multiplying  by  the  ratio  of  the  ball  diameter  in  the  gage  to 
the  ball  diameter  in  the  calibration,  i.e.,  by 

2.38125 

2.5 

C.9. 3 Equivalent  Pressure.  To  get  the  equivalent  peak  pressure, 
multiply  the  result  of  (C.9.l)  by  the  ball  density  in  the  gage.  This 
is 

2 2 

203050  per  m (131.00  per  in.  ) in  the  high-ranged  gage, 
with  balls  closely  packed,  and 
2 2 

38750  per  m (25  per  in.  ) in  the  lower-ranged  version. 

If  the  loads  are  in  newtons  and  the  ball  density  in  balls  per  square 
metre,  the  equivalent  pressures  will  be  in  fiPa.  If  the  loads  are  in 
pounds  and  the  ball  density  in  balls  per  square  inch,  the  equivalent 
pressures  will  be  in  psi. 

C.9.^  Plotting  the  Results.  Log-log  paper  is  most  convenient. 

The  results  of  (C.9.3)  are  usually  plotted  on  the  vertical  axis,  and 
the  results  of  (C.9.2)  on  the  horizontal.  Instead  of  connecting  the 
points  by  straight-line  segments,  a smooth  curve  should  be  drawn 
through  the  middle  of  the  point-scatter  band  for  each  alloy.  Due  to 
local  variations  in  the  hardness  of  the  specimen  material,  there  will 
always  be  some  point  scatter.  These  curves  are  used  to  convert  measured 
impression  diameters  from  recovered  gages  to  indicated  peak  stress. 
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CIRCULAR  PLATE  OF  CONSTANT  THICKNESS 
ON  A LINEAR  FOUNDATION 

D.l  GENERAL  EQUATIONS  AND  NOTATION 

The  notation  used  here  is  the  same  as  in  Reference  68.  A linear 
foundation  is  one  for  which 

p = Cw 

where  p is  the  pressure  exerted  on  the  foundation  hy  the  plate  at  a 
point,  w is  the  deflection  of  the  plate  at  that  point,  and  C is  a 
constant  called  the  modulus  of  the  foundation.  Defining  K as 

K 

12(1  - p ) 

where  E and  y are  the  Young's  modulus  and  Poisson's  ratio  of  the 
plate  material  and  h is  the  plate  thickness,  and  i as 


the  solutions  are  most  conveniently  expressed  in  terms  of  the  quantities 


\ \ 


where  r is  the  radial  distance  and  a is  the  radius  of  the  plate. 

With  a uniform  load  q acting  on  the  entire  external  area  of  the 
plate,  and  with  axisymmetric  edge  conditions,  the  solutions  are  given 
in  terms  of  the  Kelvin  functions  her  x,  bei  x,  her'  x,  bei'  x,and  the 
constants  C^  and  C^  •' 

Deflection : 

w = ^ + C^  ber  x + C^  bei  x (D.l) 

Slope : 


Moment  per  unit  length  along  a circumferential  section: 

^ ^ber  x - ~ ^ bei' 

Moment  per  unit  length  along  a radial  section: 

% = "7 [^1  ^ - Hr  ^ Hr  ^)] 

Shear  per  unit  length  along  a circumferential  section: 

Qp  = -^  (C^  bei'  X - ber'  x) 


(D.3) 


(DJO 


(D.5) 


The  constants  and  depend  on  the  conditions  at  the  edge. 

D.2  UNIFORM  EXTERNAL  LOAD;  EDGE  SIMPLY  SUPPORTED 

This  configuration  is  shown  in  Figure  D.la.  The  constants 
and  are  given  by. 


ber  o - ^ bei ' a 

a 


g = _ i °. ..  

^ber  a - ^ ^ bei'  ber  a + ® "*■  ^ ~ ^ ber'  bei  a 


bei  o + ^ ber'  a 

= _ £. 2 

^ (ber  a - ^ ^ ^ bei'  ber  o + (bei  a ^ ~ ^ ber'  a “ 

The  deformations,  moments,  and  shear  may  be  found  by  using  the  above 
values  of  and  in  Equations  D.l  through  D.5. 

D.3  LINEAL  MOMENT  APPLIED  TO  A SIMPLY  SUPPORTED  EDGE 

This  configuration  is  shown  in  Figure  D.lb;  M is  the  moment  per 
unit  length  of  the  circumference.  The  constants  and  are 

given  by : 


n - Ml 

^1  ~ T 


(bei  a + ^ ■"  ber'  a ^ bei  o + (ber  a - ^ bei'  ber  a 
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s = 


Ml 


-bera 


^ ^bei  a + ^ — ber ' a ^ bei  oi  + ( ber  a - ^ — bei ' ber  a 


The  expression  for  as  given  in  Reference  68  contains  an  error. 

The  above  version  is  correct;  this  may  be  verified  by  solving  for 
from  the  more  general  equations  in  Reference  68. 

The  deformations,  moments,  and  shear  may  be  found  by  using  these 
values  of  and  in  Equations  D.l  through  D.5. 
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APPENDIX  E 

modi;l  of  the  single-ball  dynamic  loading 

SYSTIM  IN  TERMS  OF  LUMPID  MASSES 


The  actual  system  and  the  model  are  depicted  in  Fij^ure  E.l.  The 
reaction  mass  is  considered  as  fixed.  The  mass  of  the  bob  is  divided 
into  two  lumped  masses  concentrated  at  the  ends. 

Analysis  of  vibratory  systems  consisting  of  several  lumped  masses 
may  be  found  in  several  graduate  level  texts  on  mechanics,  such  as 
Reference  75.  The  model  in  Figure  E.l  has  two  normal  modes.  Their 
natural  frequencies  f^  and  f^,  are  given  in  terms  of  the  parameters 
indicated  in  Figure  E.l  as 


The  general  expressions  for  the  displacements  from  equilibrium  and 

y„  of  the  masses  M.  and  M as  a function  of  time  t may  be 

^ 1 c 

written  as 


y^  = sin  (w^t  + <t)^)  + sin  (w^t  + (P^) 

^2  ~ ^^1^21  ^“l^  + + <^2^22  ^“2^  * *^2^ 

where  the  c-s,  a-s,  and  <(i-s  are  constants.  For  each  normal  mode  j 


"IJ 


2 ^ 


(E.3) 


and 


• • 

Letting  y^  and  y^  represent  the  velocities  of  the  masses 
M^  , the  initial  conditions  are 
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y^(Q)  = y2(o)  = 0 


yi(o)  = 1/2(0) 


V 

o 


where  is  the  velocity  before  impact.  These  initial  conditions 

arise  from  the  fact  that  the  load  sensor  and  bob  system  is  not  vibrating 
and  is  moving  with  velocity  before  making  contact  with  the 

specimen.  From  these  initial  conditions,  for  any 


, a*-. 

sin  ojj^t 

+ c„a, „ sin 

w„t 

1 11 

2 12 

2 

_ 

sin  a),t 

+ c„a„„  sin 

( 

3 

1 21 

1 

2 22 

2 

(E.lt) 

(E.5) 


and 


= 1^11 


(E.6) 


The  ratio  ^2^12'^^1^11  interest  because  it  expresses  the  ratio 

of  mode  2 displacement  amplitude  to  mode  1 displacement  amplitude  of 
the  mass  (Equation  E.U),  and  this  is  the  same  as  the  corresponding 
ratio  of  force  amplitudes  in  the  spring  k^  . Since  this  spring 
represents  the  indentation  during  loading,  the  quantity  ^2^12^''^  1^11 
expresses  the  force  amplitude  ratio  at  the  indentation  of  second  to 
first  normal  mode. 

Frequencies  of  the  normal  modes  and  the  quantity  ^2^12^'^1^11 
are  given  in  Table  E.l  for  two  sets  masses  and  spring  constants.  In 
both  cases  each  liimped  mass  is  half  the  mass  of  the  U5-gram  bob  and  k^ 
is  the  indentation  spring  constant  during  loading.  In  one  case,  k^ 
was  taken  as  the  spring  constant  of  a 45-gram  steel  bob  of  5-cm  length; 
this  is  490  MN/m.  The  other  value  of  , l40  MN/m  , was  chosen  to 
produce  f^  = I80OO  Hz.  From  the  tabulated  values  of  '^2^12'^ '^l^ll 
is  evident  that,  in  this  model,  the  predicted  contributions  of  the 
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second  normal  mode  to  the  total  force  amplitude  at  the  indentation  are 
very  small. 

. The  tabulated  values  of  f^  are  very  nearly  the  same  as  the 

2^2^*  Hz  natural  frequency  of  a single  it5-gram  mass  at  the  end  of  a 

spring  with  force  constant  equal  to  . For  = ^90  MN/m  , the 
value  of  fg  is  very  nearly  the  same  as  the  33^02  Hz  natural  frequency 

predicted  for  a free  U 5-gram  steel  bar  of  5-cm  length  when  all  its  mass 

is  assumed  concentrated  at  the  ends. 
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'Mum 


Table  E.l.  Frequencies  of  the  normal  modes  and 
the  force  amplitude  ratio  in  the 
spring  , second  to  first  normal 

mode,  for  two  values  of  . 


Quantity 


Ml  = = 22.5  grams;  k^ 


10.1  MN/m 


k^  = U90  MN/m 


kg  = li+0  MN/m 


2h02 

1787k 


O.OOOh 


0.0026 
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